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SUMMARY 

Here,  we  report  on  our  theoretical  and  experimental  progress  in 
understanding  the  ultrafast  kinetics  of  high-density,  hot  electron-hole 
plasmas  generated  in  semiconductors  by  intense  picosecond  pulses  from 
mode-locked  lasers.  This  report  covers  the  entire  two  year  contract 
period  1 September  1976  to  31  August  1978;  however,  we  have  emphasized 
the  period  1 September  1977  to  31  August  1978.  The  first  year  of  the 
contract  period  1 September  1976  to  31  August  1977  is  treated  only 
briefly  here,  since  it  is  covered  in  detail  in  our  previous  year's 
annual  summary  report. 

Intense  ultrashort  optical  pulses  having  durations  of  a few  pico- 

0 

seconds  and  peak  powers  of  10  watts  can  be  readily  generated  by  mode- 
locking a Nd:  glass  laser.  The  extremely  high  power  and  short  duration 
of  pulses  from  these  lasers  make  possible  the  study  of  the  saturable  optical 
transmission  properties  and  hot  electron  dynamics  of  semiconductors  on  a 
picosecond  time  scale.  Generally,  we  have  employed  the  excite  and  probe 
technique  in  these  studies.  They  have  provided  direct  information, 
concerning  ultrafast  electronic  processes. 

At  the  beginning  of  the  initial  contract  period,  we  did  not  have  an 
operational  picosecond  spectroscopic  system.  Consequently,  the  experimental 
effort  during  the  period  1 September  1976  to  31  August  1977  was  devoted  to 
designing,  developing,  and  ensuring  the  operational  integrity  of  the  basic 
system.  Each  component  of  the  system  was  installed  and  rigorously  tested. 
The  system  as  a whole  was  then  tested  by  comparing  data  obtained  using  our 
system  with  that  obtained  at  other  laboratories.  Theoretically,  we 
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(together  with  coworkers  at  the  University  of  Arizona)  completed 
development  of  an  initial  model  that  describes  the  evolution  of  hot 
electron-hole  plasmas  produced  in  germanium  by  the  absorption  of 

intense,  ultrashort  optical  (X  = 1.06  ym)  pulses.  The  model  was 

. . . ..  

shown  to  be  in  satisfactory  agreement  with  the  experimentally-observed 

enhanced  transmission  of  single,  energetic  pulses  through  thin  germanium 
samples  as  a function  of  incident  pulse  energies  for  two  sample  temper- 
atures, 105  K and  300  K.  It  also  satisfactorily  described  the  trans- 
mission of  a weak  probe  pulse  through  germanium  as  a function  of  time 
delay  after  an  energetic  excitation  pulse  for  different  excitation 
energies  and  for  sample  temperatures  of  105  K and  300  K.  Subsequent 
to  the  development  of  this  model,  van  Driel  and  coworkers  conducted 
further  studies  in  which  the  anergy  band  gap  of  the  germanium  was 
tuned  by  hydrostatic  pressures.  A modification  of  our  model  and  com- 
puter codes  to  allow  for  these  effects  showed  that  these  studies  corrob- 
orated the  proposed  model. 

As  a result  of  our  numerical  evaluation  of  the  proposed  model,  we 
found  that  the  theoretical  enhanced  transmission  of  single  intense, 
ultrashort  pulses  through  thin  germanium  samples  depended  strongly  on 
the  width  of  the  optical  pulses.  We  suggested  that  this  pulsewidth 
dependence  be  experimentally  measured.  In  collaboration  with  workers 
at  the  University  of  Arizona,  we  compared  the  results  of  experimental 
measurements  with  the  predictions  of  our  model.  There  was  substantial 
disagreement  between  model  and  experiment.  The  question  then  arose  as 
to  whether  this  disagreement  with  the  proposed  model  was  due  to  assump- 
tions made  in  deriving  the  model,  experimental  uncertainties  in  the 
the  physical  constants  used  in  the  calculations,  or  to  relevant  physical 
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processes  omitted  from  the  model.  A numerical  investigation  of  the 
effect  of  the  electron-phonon  coupling  constants  on  the  model  revealed 
that,  given  the  uncertainties  in  these  and  other  constants,  the  pulse- 
width  experiment  was  not  a definitive  test  for  the  model.  In  fact, 
the  uncertainties  in  certain  of  the  physical  constants  contained  in 
the  calculations  prevented  our  uniquely  attributing  the  rise  in  probe 
transmission  to  a cooling  of  a hot  carrier  distribution  created  by  the 
excitation  pulse. 

At  the  beginning  of  the  period  1 September  1977  to  31  August  1978, 
there  was  considerable  discussion  concerning  the  interpretation  of  our 
previous  excite  and  probe  studies  in  germanium.  Previously,  we  had 
measured  the  enhanced  transmission  of  single  optical  pulses  at  1.06  ym 
through  germanium  as  a function  of  incident  pulse  energy,  and  we  had 
measured  the  temporal  evolution  of  this  enhanced  transmission  on  a 
picosecond  time  scale  using  the  excite  and  probe  technique.  The  latter 
measurements  reveal  that  the  probe  transmission  increases  for  approxi- 
mately 100  psec  following  excitation  for  a sample  temperature  of  100  K; 
however,  the  rise  in  probe  transmission  is  less  than  40  psec  at  300  K. 
We,  and  other  workers  at  the  University  of  Arizona,  have  attributed 
the  slower  rise  in  probe  transmission  at  100  K to  a cooling  and  a hot 
electron-hole  plasma  created  by  the  excitation  pulse.  Thus,  the  rise 
in  probe  transmission  measures  the  energy  relaxation  rate  and  should 
be  a sensitive  measure  of  the  electron-phonon  coupling  constant.  In 
sharp  contrast  to  this  interpretation,  other  workers  have  stated  that 
they  expect  the  energy  relaxation  time  to  be  too  short  to  account  for 
the  rise  in  probe  transmission.  They  have  suggested  that  intervalence- 
band  and  Coulomb-assisted  indirect  absorption  may  be  important  in  such 
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experiments.  Indeed,  they  have  suggested  that  these  processes  might 
introduce  a minimum  in  the  absorption  versus  carrier  density  curve 
and  have  suggested,  informally,  that  this  curve  might  be  combined 
with  Auger  recombination  to  account  for  the  rise  in  probe  transmission. 

We  have  recently  completed  detailed  measurements  of  the  combined  free- 
carrier,  intervalence-band,  and  indirect  absorbance  in  thin  germanium 
samples  at  a wavelength  of  1.55  ym  during  excite  and  probe  experiments 
at  1.06  ym.  However,  these  effects  do  not  introduce  a minimum  in  the 
absorption  versus  density  curve  and,  thus,  cannot  be  combined  with 
carrier  recombination  to  account  for  the  rise  in  probe  transmission. 

These  experiments  also  provide  measurement  of  Auger  recombination  rates 
on  thin  samples  that  are  in  agreement  with  those  obtained  by  other  workers. 


I . INTRODUCTION 


Recently,  studies  of  the  optical  properties  of  high-density  electron- 
hole  plasmas  generated  in  undoped  germanium  by  intense,  ultrashort  pulses 
have  provided  direct  information  concerning  ultrafast  electronic  pro- 
cesses.1 16  Generally,  these  experimental  studies  have  employed  mode- 
locked  pulses  from  a Ndiglass  laser  as  an  excitation  source  to  generate 
the  electron-hole  plasma.  This  source  provides  pulses  that  are  5 to  10 

Q 

psec  in  duration  and  that  have  peak  powers  of  approximately  10  watts  at 

a wavelength  of  1.06  urn.  These  pulses  when  focused  on  the  surface  of  a 

-2  2 

thin  germanium  sample  can  easily  produce  a measured  irradiance  of  10  J/cm 

20  -3 

and  can  create  carrier  densities  of  approximately  10  cm  . Germanium  has 

been  chosen  as  a candidate  for  study  in  these  investigations  primarily 

because  its  bandgap  energy  is  comparable  to  but  less  than  the  photon  energy 

of  a 1.06  um  Ndiglass  laser  pulse. 

As  a rule,  the  experimental  investigations  have  used  a variation  of 

one  or  the  other  of  two  conceptually  very  simple  techniques.  In  the  first 

« 

of  these,  a thin  (a  few  microns)  germanium  wafer  is  irradiated  with  intense 
ultrashort  pulses  of  varying  energy,  and  the  transmission  of  each  pulse  is 
recorded.  Thus,  the  nonlinear  transmission  of  the  germanium  sample  can  be 
plotted  as  a function  of  pulse  energy.  The  second  method  is  the  excite  and 
probe  technique.  Here,  the  sample  is  first  irradiated  with  an  intense 
optical  pulse  (excitation  pulse)  that  causes  a change  in  the  transmission 
or  reflection  properties  of  the  germanium.  This  initial  pulse  is  followed, 
at  various  time  delays,  by  a weak  probe  pulse  that  measures  the  change  in 
the  transmission  or  reflectivity  of  the  germanium  as  it  returns  to  its 
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equilibrium  condition.  There  are  any  number  of  variations  on  this  latter 
technique.  For  example,  the  probe  wavelength  can  be  purposefully  chosen 
to  be  different  from  the  excitation  wavelength.  We  have  found  this  latter 
variation  to  be  useful  for  isolating  on  certain  processes  during  the  car- 
rier relaxation.  Specifically,  we  have  employed  excitation  pulses  at 
1.06  pm  (1.17  ev)  to  generate  a dense  electron-hole  plasma  and  then  probed 
this  plasma  both  at  1.06  ym  (1.17  ev)  and  1.55  ym  (0.8  ev) . The  latter 
photon  energy  is  not  sufficient  to  excite  carriers  across  the  direct  bandgap 
in  germanium  and,  as  a result,  monitors  only  indirect,  free-carrier , and 
intervalence-band  absorption  properties.  Another  variation  of  this  tech- 
nique is  to  hold  the  time  delay  between  excitation  and  probe  constant 
while  varying  the  energy  of  the  excitation  pulse.  Of  course,  in  addition 
to  varying  the  optical  parameters,  one  can  vary  the  environment  of  the 
germanium  sample  as  well.  To  date,  we  have  only  varied  the  sample  temper- 
ature over  a limited  range  (300  K and  100  K)  and  subjected  the  sample  to 
hydrostatic  pressure.  The  excite  and  probe  technique  is  also  useful  for 
stimulated-Raman-scattering  studies;  however,  to  date,  the  author  is  not 
aware  of  any  such  studies  in  germanium. 

As  we  have  mentioned,  these  techniques  are  embarrassingly  simple  in 
concept.  In  practice,  quite  the  opposite  is  true.  First,  the  Nd: glass 
laser  is  a temperamental  device  providing  optical  pulses  that  vary  in 
energy  and  width  from  one  pulse  to  the  next.  These  pulses  are  usually 
of  questionable  spatial  quality  as  well.  Add  to  these  laser  properties 
the  facts  that  one  is  trying  to  maintain  spatial  overlap  of  the  excitation 
pulse  and  the  probe  pulse  on  the  sample  surface  (each  focused  spot  is  a 
fraction  of  a millimeter  in  diameter)  and  that  one  is  often  operating  at 
optical  intensities  within  a factor  of  two  of  sample  damage.  In  addition, 
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if  a probe  wavelength  different  from  1.06  yin  is  desired,  then  it  must  be 
generated  by  some  nonlinear  process  such  as  frequency  doubling,  frequency 
tripling,  or  Reiman  scattering — we  have  employed  all  of  these  methods  and 
none  are  trivial.  Thus,  data  acquisition  on  these  time  scales  employing 
a Nd: glass  laser  can  be  an  exasperating  procedure. 

Because  of  the  huge  carrier  densities  generated  and  the  complex 
nature  of  the  germanium  band  structure,  interpretation  of  these  experiments 
has  been  tedious  as  well.  By  its  very  nature,  the  problem  is  a complex 
many-body  problem  involving  multiple  processes — in  fact,  as  we  shall  see, 
up  to  sixteen  processes  or  effects  may  be  involved.  As  a result  of  these 
experimental  and  theoretical  problems  (and  others  we  haven't  mentioned), 
progress  in  this  field  has  been  painstaking  and  tedious.  None-the-less , 
progress  has  been  slowly  but  steadily  achieved. 

Although  there  have  been  reviews  of  work  in  this  area,  they  are  all 
over  a year  old  and  now  grossly  out  of  date.  In  view  of  this,  I believe 
it  would  be  useful  for  reader  and  author  alike  to  briefly  review  the  rele- 
vant literature.  I have  chosen  to  accomplish  this  goal  by  listing  each 
reference  by  title  and  author  (s),  followed  by  a short  paragraph  relating 
the  points  that  I think  are  important  to  this  report.  This  list  is  not 
comprehensive  but  is  restricted  to  work  in  germanium  related  to  our  own. 

The  comments  reflect  my  own  point  of  view  and  are  by  definition  subjective. 
This  paper-by-paper  review  (Sec.  II)  is  followed  by  a few  "state-of-the- 
field"  remarks  concerning  areas  of  general  agreement,  controversy,  and 
future  study.  Section  III  then  gives  a chronological  record  of  our 
achievements  and  progress  during  this  two  year  period,  and  Section  IV 
details  our  plans  for  the  coming  year's  experiments.  Next,  we  provide 
a list  of  professional  publications  and  activities  (Sec.  V)  during  the 
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past  two  years.  In  Section  VI,  we  provide  the  reader  with  an  updated 
vita,  and  in  Sec.  VII  we  provide  a budget  summary  for  the  previous  two 
year  period.  Finally,  in  Appendices  A,  B,  C,  and  D,  we  provide  reprints 
and  preprints  of  our  work  during  the  period  1 September  1977  to  1 
September  1978.  Reprints  for  the  first  contract  year,  1 September  1976 
to  1 September  1977,  are  contained  in  our  last  year-end  report. 


II.  SURVEY  OF  THE  FIELD 


Review  of  the  Literature 

In  this  section  we  provide  a paper-by-paper  account  of  the  progress  in 
our  understanding  of  the  temporal  evolution  of  optically-generated  electron- 
hole  plasmas  on  a picosecond  time  scale.  I believe  such  a chronological 
listing  is  useful  in  providing  some  perspective  as  to  why  certain  investi- 
gations were  undertaken.  It  also  allows  me,  in  light  of  our  more  recent 
studies,  to  make  a few  arbitrary  comments  concerning  some  of  these  works. 

1 . "Nonlinear  Absorption  and  Ultrashort  Carrier  Relaxation  Times  in 
Germanium  Under  Irradiation  by  Picosecond  Pulses,"  C.  J.  Kennedy,  J.  C. 
Matter,  A.  L.  Smirl,  H.  Weichel,  F.  A.  Hopf,  S.  V.  Pappu,  and  M.  0.  Scully, 
Phys.  Rev.  Lett.  22_,  419  (1974).  This  paper  reports  the  results  of  measure- 
ments performed  by  Smirl  and  Matter  in  which  they  observed  a saturation  of 
the  absorption  of  1.06-pm  picosecond  pulses  in  thin  germanium  wafers  at  high 
optical  intensities.  They  performed  two  experiments.  In  the  first,  they 
irradiated  the  8-ym-thick  sample  with  varying  intensity  picosecond  pulses 
at  1.06  urn,  and  they  measured  the  transmission  of  each  pulse.  A plot  of 
germanium  transmission  versus  incident  optical  pulse  energy  showed  that 
the  germanium  transmission  was  bleached  or  enhanced  by  a factor  approximately 
20  over  its  linear  value  at  low  intensities.  Second,  these  authors  employed 
the  excite  and  probe  technique  in  an  attempt  to  measure  the  decay  of  this 
enhanced  transmission  in  the  following  manner.  They  irradiated  the  sample 
with  an  excitation  pulse  intense  enough  to  bleach  the  sample  transmission 
by  a factor  of  '20.  This  excitation  pulse  was  then  followed,  at  various 
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delays,  by  a probe  pulse  that  measures  the  decay  of  the  enhanced  trans- 
mission. The  authors  observed  a narrow  spike  in  the  probe  transmission 
located  near  zero  delay.  The  width  of  the  spike  was  <5  psec.  No  further 
structure  in  probe  transmission  was  seen  at  this  time  due  to  the  nature  of 

the  excitation  intensity  and  laser  performance.  Further  structure  would 

3 5 

later  be  reported  by  Shank  and  Auston  and  Smirl  et  al . , as  we  shall  dis- 
cuss. In  absence  of  further  structure,  however,  the  authors  erroneously 
interpreted  this  narrow  probe  spike  near  zero  delay  as  evidence  of  an 

intraband  relaxation  time  for  hot  electrons  of  <5  psec.  This  spike  would 

3 

later  be  interpreted  by  Shank  and  Auston  as  a correlation  effect  between 

14 

probe  and  excitation  pulses,  and  more  recently,  by  Ferry  as  being  due 

to  state  filling  and  band-gap  narrowing.  These  later  interpretations  will 

be  discussed  as  we  encounter  them. 

2 . "Picosecond  Ellipsometry  of  Transient  Electron-Hole  Plasmas  in 

Germanium, " D.  H.  Auston  and  C.  V.  Shank,  Phys.  Rev.  Lett.  32,  1120  (1974). 

Here,  Auston  and  Shank  first  illuminated  a germanium  sample  with  an  intense 

1.06  pm  picosecond  pulse  to  produce  a large  carrier  density  near  the  sample 

surface.  They  then  employed  a weak  reflected  1 . 06-pm-probe  pulse  and 

ellipsometric  techniques  to  monitor  the  decay  of  this  carrier  density  with 

time.  They  attributed  the  decay  of  this  surface  density  to  a diffusion 

of  the  carriers  into  the  sample  bulk,  and  they  deduced  a diffusivity  of 
2 -1 

230  cm  sec  (a  value  3.5  times  larger  than  the  low  density  ambipolar 

4 

diffusion  constant  in  Ge) . However,  as  later  studies  by  Auston  et  al. 
and  Smirl  et  al. would  show.  Auger  recombination  can  be  important  at 
these  densities  as  well.  Thus,  we  believe  that  the  diffusion  constant 
deduced  on  the  assumption  that  the  carrier  density  is  depleted  only  by 
diffusion  may  be  in  error.  One  of  the  goals  of  our  ongoing  measurements 


is  to  separate  the  Auger  and  diffusion  contributions  to  the  carrier  density 
decay  and  to  deduce  exact  numbers  for  carrier  recombination  and  diffusion 
constants  at  these  densities. 

•>.  "Parametric  Coupling  in  an  Optically  Excited  Plasma  in  Go,"  C.  V. 
Shank  and  D.  H.  Auston,  Phys.  Rev.  Lett.  34./  479  (1975).  These  authors 
repeated  the  1.06  urn  excite  and  1.06  ym  probe  measurements  of  Kennedy  et^ 
al In  addition  to  the  narrow  spike  in  the  probe  transmission  near  zero 
delay,  the  measurements  revealed  a slower,  broader  structure  in  the  probe 
transmission.  The  probe  transmission  exhibited  a slow  rise  lasting 
approximately  20  to  30  psec  followed  by  a gradual  decrease  lasting 
hundreds  of  psec.  In  view  of  this  additional  data.  Shank  and  Auston 
reinterpreted  the  narrow  probe  spike  as  being  the  result  of  scattering 
of  the  strong  excitation  beam  into  the  direction  of  the  probe  beam  by  a 
phase  grating  formed  by  a spatially  modulated  index  of  refraction  created 
by  the  interference  between  the  strong  and  weak  beams — in  other  words , it 
was  a correlation  effect.  In  addition,  they  attributed  the  slower  rise 
in  probe  transmission  to  band  filling.  That  is,  to  a filling  of  conduc- 
tion (valence)  band  states  by  electrons  (holes)  to  the  point  where  the 
separation  between  electron  and  hole  Fermi  energies  approaches  the  photon 
energy  1.17  ev.  As  a result,  the  buildup  of  this  effect  should  follow 
the  integrated  optical  pulse  energy.  Notice  that  this  interpretation  does 
not  invoke  hot  electron  effects.  The  electrons  (holes)  are  assumed  to 
have  already  relaxed  to  lattice  temperature.  According  to  this  interpre- 
tation, the  correlation  spike  and  rise  in  probe  transmission  contain  little 
physics.  They  are  merely  artifacts  of  the  measurement  techniques:  one 
being  a correlation  between  excitation  pulse  and  probe  pulse,  and  the  other, 
the  integral  of  the  intensity  correlation  function.  As  we  have  recently 


pointed  out,16  this  interpretation  is  adequate  for  a sample  temperature  of 
300  K,  but  it  cannot  account  for  the  slower  rise  in  probe  transmission 
observed6'16  at  lower  temperatures.  In  fact,  Ferry14  has  even  questioned 
the  oriqin  of  the  so  called  "correlation  spike".  As  we  progress  through 
the  literature,  we  shall  see  that  the  interpretation  of  the  "correlation 
spike"  and  the  slow  rise  in  probe  transmission  as  a function  of  delay 
become  sources  of  considerable  debate.  This  is  not  surprising  since 
these  are  very  complex  interactions  involving  huge  electric  fields,  large 
carrier  densities,  and  a complex  band  structure. 

4.  "Picosecond  Optical  Measurements  of  Band-to-Band  Auger  Recombination 
of  High-Density  Plasmas  in  Germanium,"  D.  H.  Auston,  C.  V.  Shank,  and  P. 
LeFur,  Phys.  Rev.  Lett.  35^  1022  (1975).  In  this  novel  application  of  the 
excite  and  probe  technique,  Auston  et  al.  first  illuminated  a slab  of  ger- 
manium with  a 1 . 06-ym-excitation  pulse  creating  a large  carrier  density. 

The  decay  of  this  carrier  density  was  then  probed  employing  a second 
Raman-generated  probe  at  1.55  ym.  A quanta  of  the  excitation  pulse  (1.17  ev) 
is  energetic  enough  to  excite  direct  band-to-band  transitions.  The  energy 
of  the  probe  quanta  (0.8  ev)  is  less  than  the  energy-band  gap  and  is  taken 
by  these  authors  to  be  a measure  of  the  free-carrier  absorption  coefficient. 

A plot  of  the  1 . 55-ym-probe  pulse  transmission  versus  delay,  thus,  displays 
the  carrier  decay.  The  probe  absorbance  decays  significantly  in  the  first 
100  psec  following  excitation  indicating  the  importance  of  Auger  recombi- 
nation on  a picosecond  time  scale.  It  must  be  emphasized  here  that  the 
1.55  ym  absorbance  was  attributed  entirely  to  free-carrier  transitions. 

We  now  believe  that  intervalence-band  and  Coulomb-assisted  indirect 
absorption  are  important  at  these  wavelengths  as  well.12'13,16 


5.  "Ultrafast  Relaxation  of  Optically  Excited  Nonequilibrium  Electron- 
Hole  Distributions  in  Germanium,"  A.  L.  Siuirl,  J.  C.  Matter,  A.  Elci,  and 

M.  0.  Scully,  Opt.  Commun.  16^,  118  (1976) . Unaware  of  the  work  of  Shank  and 
Auston,3  we  had  independently  extended  our  1 .06-um<-excite  and  1 . 06-um-probe 
experiments  of  Ref.  1 to  include  probe  structure  at  longer  delays.  Here,  we 
reported  the  dependence  of  the  excite-probe  measurements  on  sample  temper- 
ature and  excitation  energy  levels.  Specifically,  single  pulse  nonlinear 
transmission  was  measured  as  a function  of  incident  optical  pulse  energy  at 
sample  temperatures  of  105  K and  297  K.  In  addition,  the  transmission  of 
a probe  pulse  as  a function  of  time  delay  after  an  excitation  pulse  was 
measured  for  the  same  two  temperatures  and  for  three  different  excitation 
pulse  energies.  The  temperature  dependence  of  the  probe  transmission 
measurements  contained  surprising  new  information:  the  rise  in  probe  trans- 
mission at  105  K was  too  slow  ( 100  psec)  to  be  an  integration  effect  (i.e., 
it  could  not  simply  be  following  the  integrated  optical  energy  of  the  exci- 
tation pulse).  It  was  in  this  work  that  we  first  proposed  a model,  based  on 
the  above  measurements,  that  attributed  the  rise  in  probe  transmission  to  a 
cooling  of  electrons  (holes)  within  the  conduction  (valence)  bands.  Thus, 
the  rise  in  probe  transmission  was  taken  to  be  an  indication  of  the  carrier 
energy  relaxation  time.  The  theoretical  model  was  still  very  crude  and 
numerical  curves  were  rough. 

6.  "Saturable  Transmission  in  Mercury  Cadmium  Telluride,"  J.  C.  Matter, 
A.  L.  Smirl,  and  M.  0.  Scully,  Appl.  Phys.  Lett.  28,  507  (1976).  We  applied 
the  excite  and  probe  measurement  techniques  of  Ref.  5 to  Hg^  ^Cd^Te.  We 
chose  this  semiconductor  for  study  for  two  reasons:  (1)  it  was  a direct 
band  gap  semiconductor,  providing  a simpler  theoretical  model  than  Ge. 

(2)  its  band  gap  could  be  adjusted  by  varying  the  mole  fraction  of  CdTe. 


10 


For  these  measurements  we  chose  an  x value  of  0.61  so  that  the  band  gap 
(0.75  ev)  was  close  to  that  of  Ge.  The  results  were  very  different  from 
the  Ge  results — probably  due  to  the  polar  nature  of  the  electron-phonon 
interaction  in  HgCdTe  as  opposed  to  the  nonpolar  nature  in  Ge.  Experi- 
mentally, the  material  was  next  to  impossible  to  work  with.  Because  the 
material  was  so  soft,  damage  occurred  easily  during  polishing. 

7 . "Ultrafast  Transient  Response  of  Solid-State  Plasmas.  I. 

Germanium:  Theory  and  Experiment,"  A.  Elci,  M.  0.  Scully,  A.  L.  Smirl, 
and  J.  C.  Matter,  Phys , Rev.  B 16,  191  (1977).  Supported  by  ONR.  This 
paper  presents  the  only  first-principles  theoretical  treatment  of  these 
problems  available  to  date.  This  model  attempts  to  account  for  the  non- 
linear single  pulse  and  excite-probe  response  of  germanium  in  terms  of: 

(1)  direct  band-to-band  absorption,  (2)  free-carrier  absorption,  (3)  long 
wavevector  phonon-assisted  intervalley  carrier  scattering,  (4)  phonon- 
assisted  carrer  relaxation,  (5)  carrier-carrier  Coulomb  collisions  and 
(6)  plasmon-assisted  recombination.  According  to  this  model,  the  rise  in 
the  probe  transmission  with  time  after  an  intense  excitation  pulse  is 
attributed  to  a cooling  of  the  hot  electron-hole  plasma  created  by  the 
absorption  of  the  excitation  pulse.  The  theoretical  fits  to  the  single 
pulse  transmission  date  and  probe  pulse  date  can  be  regarded  as  satis- 
factory, given  the  complexity  of  the  problem.  None-the-less,  we  noted 
from  the  beginning  that  our  calculations  included  only  a limited  number 
of  the  possible  electronic  interactions  and  that  they  contained  serious 
assumptions  that  warranted  further  theoretical  and  experimental  investigation. 

8 . "Pressure  Tuning  of  Picosecond  Pulse  Transmission  in  Germanium, " 

H.  M.  van  Driel,  J . S.  Bessey,  and  R.  C.  Hanson,  Opt.  Commun,  22^  346  (1977). 
In  this  work,  the  authors  irradiated  thin  ('uSym)  germanium  samples  with 
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picosecond  pulses  at  1.06  ym  of  varying  intensity  and  measured  the  transmission 
of  each  pulse.  The  energy  band  gap  of  the  germanium  sample  was  tuned  by  sub- 
jecting the  sample  to  hydrostatic  pressure.  These  nonlinear  transmission 

measurements  as  a function  of  hydrostatic  pressure  followed  and  confirmed 

7 

the  predictions  of  the  hot  electron  model  rroposed  by  Elci  et^  al^ 

9.  "Pulsewidth  Dependence  of  the  Transmission  of  Ultrashort  Optical 

Pulses  in  Germanium,"  J.  S.  Bessey,  B.  Bosacchi,  H.  M.  van  Driel,  and 

A.  L.  Smirl,  Phys,  Rev.  B 17,  2782  (1978) . Supported  by  ONR.  One  of  the 

7 

interesting  features  of  our  initial  model  (Elci  et_  al.  ) was  that  it 
predicted  that  the  nonlinear  single  pulse  transmission  of  the  thin  german- 
ium sample  should  strongly  depend  on  the  width  of  the  optical  pulses.  In 

7 

fact,  we  had  suggested  in  Elci  et  al.  that,  as  a test  for  our  model,  the 
transmission  of  these  samples  be  measured  as  a function  of  incident  optical 
pulse  energies  for  pulses  of  various  width.  Here  such  measurements  were 
performed;  they  were  found  to  substantially  disagree  with  the  predictions  of 
our  model.  This  was  the  first  disagreement  between  experiment  and  a heretofore 
successful  model. 

10.  "The  Role  of  Phonons  and  Plasmons  in  Describing  the  Pulsewidth 
Dependence  of  the  Transmission  of  Ultrashort  Optical  Pulses  Through  Germanium, " 
W.  P.  Latham,  Jr.,  A.  L.  Smirl,  A.  Elci,  Solid-State  Electron.  21^,  149  (1978). 
Supported  by  ONR.  This  investigaiton  was  begun  to  determine  whether  the 
disagreement  between  theory  and  experiment  reported  in  Ref.  9 was  due  to 
assumptions  made  in  deriving  the  model,  the  experimental  uncertainties  in  the 
physical  constants  used  in  the  calculations,  or  the  physical  processes 
included  in  the  model.  The  result  was  that  we  demonstrated  that  the  pulse- 
width dependence  of  the  plasmon  effects  is  opposite  to  that  of  the  phonon- 
assisted  relaxation  and  that,  due  to  the  uncertainties  in  electron-optical 
phonon  coupling  constants,  the  pulsewidth  experiments  did  not  provide  a 
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definitive  test  of  the  model.  This  investigation  of  the  uncertainties  in  the 

known  vaules  of  the  electron-phonon  coupling  constants  produced  an  important 

and  disquieting  result:  accepted  values  of  this  constant  ranged  from 
-4  -1  -4  -1 

6.4x10  erg-cm  to  18.5x10  erg-cm  . An  average  of  the  eight  values 

reported  here  is  1x10  3 erg-cm  3.  Ilf  this  value  is  substituted  into  the 

Elci  et  al . 7 model,  the  energy  relaxation  rate  for  the  hot  carriers  is  too 

rapid  to  account  for  the  rise  in  probe  transmission.  Elci  et^  al.7  had 

-4  -1 

originally  used  electron-phonon  coupling  constants  of  6x10  erg-cm  at  a 

-4  -1 

lattice  temperature  of  297  K and  2x10  erg-cm  at  100  K.  These  values 
result  in  carrier  rates  that  are  3 and  25  times  slower  than  that  obtained  by 
using  the  average  value.  In  summary,  the  rise  in  probe  transmission  with 
time  may,  or  may  not,  be  accounted  for  by  carrier  cooling  depending  on  the 
value  chosen  for  the  electron-phonon  coupling  constant;  more  experimental  data 
is  required  (see  Ref.  15  for  further  discussion  of  these  points) . 

11.  "Physics  of  Ultrafast  Phenomena  in  Solid-State  Plasmas,"  A.  Elci, 

A.  L.  Smirl,  C.  Y.  Leung,  and  M.  O.  Scully,  Solid-State  Electron.  21,  151  (1978) . 
Supported  by  ONR.  This  paper  presents  an  invited  review  of  our  experiments  in 
which  picosecond  pulses  were  used  and  our  theoretical  understanding  of  these 
experiments  as  of  July,  1977.  It  contains  a good  description  of  our  experi- 
mental work  to  this  point.  In  addition  to  our  review,  however,  we  removed 

7 

one  of  the  restrictions  of  our  earlier  Elci  et^  al.  model  by  considering 
through  a simple  analysis,  the  possible  effects  of  carrier  diffusion  on  our 
optical  measurements. 

12.  "Picosecond  Spectoscopy  of  Semiconductors,"  D.  H.  Auston,  S.  McAfee, 

C.  V.  Shank,  E.  P.  Ippen,  and  0.  Teshke,  Solid-State  Electron.  21,  147  (1978) . 
These  authors  presented  excitation-probe  studies  in  GaAs  that  were  interpreted 
as  demonstrating  that  the  energy  relaxation  rate  in  this  polar  semiconductor 
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was  ~2  psec.  More  importantly,  at  least  for  our  purposes  here,  these  authors 

stated  that  they  expected  the  energy  relaxation  times  in  nonpolar  germanium 

to  be  too  short  to  account  for  the  rise  in  probe  transmission.  This  suggestion 

is,  of  course,  consistent  with  our  more  detailed  calculations  presented  in 

Latham  et  el . 10  Furthermore , they  suggested  that  enhanced  intervalence-band 

and  Coulomb-assisted  indirect  absorption  effects  might  be  important  at  the 

high  optically-created  carrier  densities  encountered  in  our  recent  excite 

and  probe  experiments.  These  processes  might  introduce  a minimum  in  the 

absorption  versus  density  curve  in  germanium,  they  claimed.  In  a private 

communication  and  in  remarks  before  the  International  Conference  on  Hot 

Electron  Effects  in  Semiconductors,  S.  McAfee  and  D.  H.  Auston  further 

explained  how  such  an  absorption  curve  could  then  be  combined  with  Auger 

recombination  to  explain  the  rise  in  probe  transmission  in  recent  excite 

and  probe  experiments.  In  sharp  contrast  to  the  interpretation  of  Elci 
7 

et  al . , this  model  did  not  require  hot  electron  effects.  The  principal 
processes  were:  Auger  recombination,  Coulomb-assisted  indirect  absorption, 
and  intervalence-band  absorption.  This  second  model  required  a minimum 
in  the  absorption  versus  density  curve . Our  studies  presented  in  Latham 
et  al. had  convinced  us  that  the  interpretation  of  the  rise  in  probe 
transmission  was  again  open.  This  model  was  indeed  an  attractive 
alternative — we  decided  to  test  it  (see  Ref.  16). 

13.  "Picosecond  Optical  Absorption  at  1.06  ym  and  1.55  pm  in  Thin 
Germanium  Samples  at  High  Optically-Created  Carrier  Densities."  A.  L. 

Smirl,  J.  R.  Lindle,  and  S.  C.  Moss,  Proceedings  of  the  Conference  on 
Picosecond  Phenomena,  Springer-Verlag  (in  press) . Supported  by  ONR. 

Preliminary  results  and  conclusions  of  our  attempts  to  measure  the  con- 
tributions of  (1)  Auger  recombination,  (2)  Coulomb-assisted  indirect 
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absorption  and  (3)  intervalence-band  absorption  to  our  excite  and  probe 
experiments  were  presented.  We  shall  postpone  any  discussion  of  these 
results  until  a more  complete  presentation  can  be  given  in  Ref.  16. 

14.  "Energy-Gap  Narrowing  and  State  Filling  in  Semiconductors 

Under  Intense  Laser  Irradiation,"  D.  K.  Ferry,  to  be  published.  To 

appreciate  this  work  one  needs  to  recall  two  facts  from  previous  studies: 

7 

(1)  that  a major  assumption  of  Elci  et  al^.  was  that  the  carrier-carrier 

collision  rate  was  high  enough  to  justify  taking  the  carrier  distributions 

3 

to  be  Fermi-Dirac  and  (2)  that  Shank  and  Auston  attributed  the  narrow 
spike  near  zero  probe  delay  to  correlation  effects  between  excitation  and 
probe  pulses..  Ferry  reexamines  the  approximation  that  the  distribution 
function  is  Fermi-Dirac  by  calculation  the  time  and  energy  dependence  of 
the  distribution  function  at  the  high  carrier  photogeneration  rates  encoun- 
tered here.  He  concludes  that  on  a time  scale  of  tens  of  picoseconds  the 
distribution  function  does  indeed  approximate  a Fermi  distribution;  how- 
ever, on  shorter  time  scales,  it  contains  a 6-function-like  spike  located 
at  the  optically  coupled  states.  Thus,  for  purposes  of  calcu'  ting  the 
probe  pulse  transmission,  one  may  reasonably  assume  the  distribution  is 
Fermi-like.  In  contrast  to  Shank  and  Auston, however.  Ferry  concludes 
that  the  so  called  correlation  spike  in  probe  transmission  is  caused  by 
the  state  filling  that  results  in  this  6-function-like  spike  in  the  dis- 
••■tribiMrton  function  on  short  time  scales  and  by  band -gap  narrowing. 

1 5 . "Influence  of  Hot  Phonons  on  Carrier  Energy  Relaxation  in  Semi- 
conductors , " H.  M.  van  Driel,  to  be  published.  As  we  recall  from  the  work 
of  Latham  elt  al. ,^°  the  physical  constants  for  germanium  are  not  well 
enough  known  to  allow  a precise  calculation  of  the  energy  relaxation  rate. 

7 

For  the  theoretical  fits  to  experiment  by  Elci  et^  al. , the  electron-phonon 

-4  -1 

coupling  constants  were  chosen  as  6x10  erg-cm  for  a lattice  temperature 
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of  297  K and  2xio  erg-cm  at  100K.  These  values  are  within  the 

accepted  theoretically  and  experimentally  determined  values  listed  by 

Latham  et  al . ; 10  however  they  are  much  lower  than  the  mean  value  of 

1x10  3 erg-cm  1 as  obtained  from  an  average  of  the  eight  values  listed. 

In  fact,  a repetition  of  the  original  calculations  substituting  the  average 

electron-phonon  coupling  constant  shows  (see  Latham  et  al,,10  Fig.  8)  that 

carrier  cooling  is  too  rapid  to  account  for  the  rise  in  probe  transmission, 

12 

in  complete  agreement  with  the  claims  by  Auston  et  al.  However,  van  Driel 
calculates  the  influence  of  hot  phonons  on  the  carrier  energy  relaxation 
rate  in  these  problems.  These  calculations  suggest  that  the  long  equili- 
bration time  for  the  hot  carriers  is  due  to  a relaxation  bottleneck  pro- 
duced by  a buildup  of  the  optical  phonon  population  on  a picosecond  time 
scale.  These  calculations,  taking  into  account  optical  phonon  heating 
and  employing  only  a single  average  temperature- independent  electron-phonon 
coupling  constant,  removes  the  major  discrepancies  between  our  original 
theory  and  experiment.  The  agreement  between  the  modified  theory  and 
experiment  is  remarkable;  however,  this  agreement  must  be  regarded  as  some- 
what fortuitous  in  view  of  the  simplifications  of  the  model,  the  limited 
number  of  processes  included,  and  the  uncertainty  in  many  of  the  physical 
constants . 

16.  "Picosecond  Optical  Measurement  of  Free-Carrier , Intervalence- 
band,  and  Indirect  Absorption  in  Germanium  at  High  Optically-Coupled 
Carrier  Densities."  A.  L.  Smirl,  J.  R.  Lindle,  and  S.  C.  Moss,  accepted 
for  publication  by  Phys.  Rev.  B.  Supported  by  ONR.  Recall  that  amoung 
our  early  studies  were  the  measurement  of  the  enhanced  transmisison  of 
single  ultrashort  optical  pulses  through  germanium1 ' ^ and  the  measurement 
of  the  temporal  evolution  of  this  enhanced  transmission  on  a picosecond 
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time  scale  using  the  excite  and  probe  technique.3'5  As  the  reader  will 
recall  (see  Ref.  5),  in  the  first  of  these  experiments,  the  nonlinear 
transmission  of  a single  picosecond  1.06  pm  pulse  was  investigated  as  a 
function  of  incident  optical  pulse  energy  for  sample  temperatures  of  100  K 
and  297  K.  In  the  second  study,  the  sample  was  first  irradiated  by  an  exci- 
tation pulse  of  sufficient  energy  to  cause  the  transmission  of  the  germanium 
to  be  enhanced.  This  initial  pulse  was  then  followed  at  various  time 
delays  by  a weak  probe  pulse,  of  the  same  wavelength,  that  measured  the 
temporal  evolution  of  the  germanium  transmission.  The  latter  measurements 


reveal  that  the  probe  transmission  increases  for  approximately  100  psec 
following  excitation  for  a sample  temperature  of  100  K;  however,  the  rise  in 
probe  transmission  is  less  than  40  psec  at  297  K.  We  have  seen  that  there  is 
a great  deal  of  debate  concerning  this  rise  in  probe  transmission.  Originally, 

3 

Shank  and  Auston  attributed  this  rise  in  the  probe  transmission  to  a satur- 
ation of  the  absorption  caused  by  a filling  of  the  optically-coupled 
conduction-band  states  and  a depletion  of  the  valence-band  states  by  direct 
band-to-band  transitions  induced  by  the  excitation  pulse.  Thus,  the 
optically-created  carrier  density,  and  consequently  the  increase  in  probe 
transmission,  should  follow  the  integrated  optical  pulse  energy.  This 
interpretation  was  based  on  observations  performed  only  at  room  temper- 
ature. As  we  show  here,  the  rise  in  probe  transmission  at  room  temperature 
is  indeed  indistinguishable  from  other  integration  effects,  in  agreement 
with  this  interpretation.  However,  such  a model  cannot  account  for  the 

7 

slower  rise  observed  at  100  K.  We  recall  that  Elci  et^  al_. , attributed 
this  rise  in  the  probe  transmission  to  a cooling  of  a hot  electron-hole 

plasma  created  by  the  excitation  pulse.  In  sharp  contrast  to  this  inter- 

12 

pretation,  Auston  et  al,  stated  that  they  expected  the  energy  relaxation 
time  to  be  too  short  to  account  for  the  rise  in  probe  transmission.  Indeed, 
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Auston  and  McAfee  suggested  a plausible  alternative  explanation  for  the 
temporal  evolution  of  the  probe  transmission  in  terms  of  enhanced  Coulomb- 
assisted  indirect  absorption,  intervalence-band  absorption,  and  Auger 
recombination.  This  explanation  did  not  require  hot  electron  effects.  This 
last  explanation  did  require  a minimum  in  absorption  versus  density  relation- 
ship. 

Thus,  we  summarize  and  emphasize  that  there  are  at  least  three  possible 
explanations  for  the  rise  in  probe  transmission  with  delay:  (1)  the  rise 
is  an  intergration  effect  following  the  integrated  optical  energy  of  our 
excitation  pulse — i.e.,  it  is  an  artifact  of  the  measurement  technique, 

(2)  the  rise  is  due  to  a cooling  of  a hot  carrier  distribution  created  by 
absorption  of  the  excitation  pulse,  or  (3)  the  rise  can  be  attributed  to 
Auger  recombination  combined  with  an  absorption  vs.  carrier  density  rela- 
tionship containing  a minimum,  where  the  minimum  is  caused  by  Coulomb- 
assited  indirect  and  intervalence-band  absorption.  In  this  work,  we 
attempted  to  test  the  first  and  third  possiblilites . 

We  began  by  carefully  repeating  the  measurements  by  Smirl  et  al^. 5 
of  the  transmission  of  a 1. 06-ym-probe  pulse  as  a function  of  time  delay 
after  an  intense  1 . 06-ym-excitation  pulse  for  sample  temperatures  of  100  K 
and  295  K.  The  rises  in  probe  transmission  for  the  two  temperatures  were 
then  carefully  compared  to  a calculated  intergration  curve,  assuming  an 
optical  pulsewidth  of  10  psec.  We  concluded  from  this  comparison  that  the 
rise  in  probe  transmission  at  295  K is  indistinguishable  from  the  integra- 
tion curve,  but  that  the  rise  at  100  K is  much  slower  than  either  the 
integration  curve  or  the  rise  at  295  K and  ij3_  not  an  artifact  of  the  meas- 
urement technique. 

Next,  we  measured  the  combined  free-carrier , intervalence-band,  and 
indirect  absorbance  in  thin  germanium  samples  at  a wavelength  of  1.55  ym 
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during  excite  and  probe  experiments  at  a wavelenght  of  1.06  ym.  Our 
interests  in  these  measurements  were  twofold.  First,  we  wanted  to  ascertain 
whether  or  not  free-carrier , intervalence-band,  and  indirect  absorption 
effects  are  important  in  excite-probe  experiments  at  1.06  ym.  Second, 
if  these  effects  are  important,  can  they,  together  with  Auger  effects, 
account  for  the  rise  in  probe  transmisison. 

In  the  first  of  these,  the  transmission  of  a thin  germanium  sample 
at  1.55  ym  and  1.06  ym  was  measured  as  a function  of  optically-created 
carrier  densities.  Over  the  range  of  densities  encountered  in  these 
experiments,  the  absorption  versus  density  relationshop  at  1.17  ev  did 
not  exhibit  a minimum.  Thus,  a temporal  decay  of  carrier  density  alone 
cannot  be  combined  with  this  absorption  versus  density  relationship  to 
account  for  the  rise  in  probe  transmission  at  1.06  ym  exactly  as  sug- 
gested by  Auston  and  McAfee.  In  addition,  these  measurements  indicated 
that  the  combined  free-carrier,  intervalence-band,  and  indirect  absor- 
bance changes  are  opposite  in  sign  and  smaller  in  magnitude  than  the 
changes  caused  by  saturation  of  the  direct  absorption.  As  a result,  we 
believe  that  the  decrease  in  absorbance  at  1,06  ym  with  increasing  carrier 
number  is  dominated  by  a saturation  of  the  direct  absorptior  coefficient; 
however,  the  rate  of  this  decrease  in  absorbance  is  slowed  by  the  contri- 
butions of  these  "other"  processes  that  are  opposite  in  sign. 

In  addition,  the  absorbance  of  a 1.55-ym-probe  pulse  was  measured 
as  a function  of  time  delay  after  an  intense  1.06-ym-excitation  pulse.  The 
1.55-ym-probe  absorbance  decayed  by  approximately  0.8  in  the  first  100  psec 
following  excitation,  corresponding  to  a transmission  increase  of  a factor 
of  approximately  2.  This  represents  a significant  decay  in  the  combined 
free-carrier,  intervalence-band,  and  indirect  absorbance  during  this 
period.  Contrary,  however,  to  measurements  of  the  probe  rise  at  1.06  ym, 
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the  decay  of  probe  absorbance  at  1.55  pm  exhibited  no  strong  dependence  on 
sample  temperature. 

As  a result  of  the  present  measurements,  we  feel  that  free-carrier , 
intervalence-band,  and  Coulomb-assisted  transitions  combined  with  Auger 
recombination  are  not  the  mechanisms  dominating  the  rise  of  1.06-pm- 
probe  transmission  at  100  K.  The  contributions  of  these  processes  are 
significant,  however,  and  they  must  De  accounted  for  by  any  successful 
model.  Unfortunately,  these  measurements  yield  no  direct  information 
concerning  carrier  distribution  temperatures  or  energy  relaxation  rates, 
and  the  question  of  attributing  the  rise  in  1 . 06-pm-probe  transmission  to 
a cooling  of  a hot  carrier  plasma  created  by  the  excitation  pulse  remains 
unresolved. 

Remarks 

In  this  section,  I would  like  to  make  some  concluding  remarks  con- 
cerning our  review  of  the  field.  The  remarks  mainly  concern  the  remaining 
problems  that  I hope  we  can  solve  in  the  immediate  future.  Again,  I remind 
the  reader  that  the  opinions  reflect  my  own  bias. 

The  most  obvious  observation  to  be  made  after  our  survey  of  the  liter- 
ature concerns  the  large  number  of  processes  or  effects  that  have  been  shown 
to  be  important  by  experimentalists  or  invoked  by  theorists  in  these  prob- 
lems. There  are  at  least  16: 

(1)  Direct  band-to-band  transitions 

(2)  Long-wavevector  phonon-assisted  carrier  scattering  from  central 
to  side  valleys 

(3)  Phonon-assisted  indirect  band-to-band  transitions 

(4)  Carrier-carrier  collisions 

(5)  Free-carrier  absorption 
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(6)  Plasmon-assisted  nonradiative  recombination 

(7)  Phonon-assisted  intraband  carrier  relaxation 

(8)  Diffusion  at  high  carrier  densities 

(9)  Auger  recombination 

(10)  Coulomb-assisted  indirect  absorption 

(11)  Intervalence-band  absorption 

ll2)  Artifacts  of  the  measurement  technique,  e.g.,  correlation  effects 

(13)  Hot  phonon  distributions 

(14)  Energy-band  gap  narrowing 

(15)  Non-Fermi  distribution  function 

(16)  Enhanced  radiative  recombination  rates 

I believe  that  every  process  listed  above  occurs  to  some  degree  or  the  other 

during  our  excite  and  probe  studies.  Some  occur  during  optical  excitation 

at  any  intensity  (1-5,  7),  some  occur  only  at  high  photogenerated  carrier 

densities  (6,  8-11,  13,  14,  16),  and  others  are  only  a byproduct  of  the 

measurement  technique  (12) . Obviously,  a first  principles  calculation 

incorporating  all  of  the  above  is  prohibitive.  Moreover,  the  physical 

coupling  constants,  in  most  cases,  are  not  well  enough  known  to  allow  such 

a calculation — even  if  we  were  foolish  enough  to  attempt  one.  How  then 

do  we  proceed?  Or  is  it  worth  proceeding  at  all?  It  seems  to  me  that,  if 

we  are  ever  to  unravel  the  various  roles  played  by  the  processes  listed 

above,  we  must  refine  our  experimental  techniques  so  that  we  may  focus  on 

the  processes  separately.  This  effort  has  already  begun.  For  example, 

4 1 1 

the  measurements  by  Auston  et  al_.  and  Smirl  et  al_.  have  been  successful 

in  separating  the  combined  effect  of  free-carrier,  intervalence-band,  and 

indirect  absorption  and  Auger  recombination  from  other  effects  such  as 

2 

direct  absorption.  Similarly,  Auston  and  Shank  have  attempted  to  determine 
the  effects  of  diffusion  at  high  carrier  densities — although  these  measure- 


21 


ments  were  probably  affected  by  Auger  and  Radiative  recombination.  The 
yield  from  such  studies  could  be  exciting.  Suppose,  for  example,  that  the 
rise  in  probe  transmission  could  be  shown  to  be  due  to  carrier  cooling.  The 
probe  rise  could  provide  a very  sensitive  measure  of  the  electron -phonon 
coupling  constant.  Another  exciting  aspect  of  these  studies  is  that  many 
of  the  processes  listed  above  are  not  observed  at  lower  carrier  densities, 
and  those  that  are  may  have  their  interactions  altered  by  screening  and 
other  effects  at  these  densities.  For  example,  expressions  for  low  density 
radiative  band-to-band  recombination  may  have  to  be  drastically  altered  at 
these  densities.  Our  future  plans  in  this  area  are  detailed  in  Section  IV. 


III.  CHRONOLOGICAL  RECORD  OF  ACTIVITIES 
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1 September  1976  - 31  August  1977.  At  the  beginning  of  this  initial 
contract  period,  we  did  not  have  an  operational  spectroscopic  system.  In 
fact,  a portion  of  the  local  funds  required  to  fully  capitalize  this  system 
were  pledged  as  matching  funds  to  this  contract.  Thus,  during  this  period, 
the  experimental  effort  was  devoted  to  designing,  constructing,  and  assembling 
a system  that  would  enable  us  to  directly  monitor  ultrafast  processes.  This 
system  utilizes  an  excite  and  probe  technique.  This  technique  requires  the 
following  equipment: 

(1)  A mode-locked  laser  producing  ultrashort  pulses. 

(2)  An  electro-optic  shutter  to  separate  one  of  the  ultrashort  pulses 
from  the  train  of  pulses  produced  by  the  mode-locked  laser. 

(3)  A detector  - fast  scope  system  to  monitor  the  pulse  train  and 
shutter  operation. 

(4)  An  apparatus  to  split  the  "switched-out"  pulse  and  precisely 
temporally  delay  one  part  (probe)  with  respect  to  the  other  (excite) . 

(5)  An  optical  dewar  to  control  the  sample  temperature. 

(6)  A detection  system  to  monitor  the  excite  and  probe  transmissions. 

In  short,  this  period  was  devoted  to  developing  and  ensuring  the  operational 

integrity  of  the  basic  system.  Each  component  of  the  system  was  installed 

and  rigorously  tested  (as  described  in  detail  in  last  year's  annual  report). 

The  system  as  a whole  was  tested  by  comparing  data  obtained  using  our  present 

system  with  data  obtained  at  other  laboratories.  A by-product  of  this 

17 

building  effort  was  a letter  in  the  Review  of  Scientific  Instruments  des- 
cribing our  unique  optical  integrating  peak  detectors.  Further  experimental 
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work  will  be  described  below. 

During  this  same  period,  our  theoretical  activity  centered  about 
providing  a detailed  theoretical  description  of  the  transmission  of  ultra- 
short  optical  pulses  through  germanium.  At  the  beginning  of  the  year,  an 
initial  model  had  been  developed  by  A.  Elci,  A.  L.  Smiri,  J.  C.  Matter, 
and  M.  0.  Scully,  and  Smiri  and  Matter  had  completed  their  initial  excite- 
probe  experiments  in  germanium.  In  addition,  an  attempt  had  been  made  to 
generate  numerical  solutions  to  the  complicated  set  of  integro-dif ferential 
equations  in  the  theory.  However,  there  were  several  problems  with  the 
approximations  contained  in  the  model  and  in  the  original  computer  codes. 
The  complete  program  was  lengthy  and  expensive  to  execute,  and  the  solution 
to  the  differential  equations  was  crude.  Several  modifications  were  needed 
to  improve  the  accuracy  and  execution  time  (details  in  FY  1976-77  annual 
report) . 

Having  developed  an  efficient  and  accurate  computer  routine,  we 
generated  theoretical  curves  comparing  the  experiments  of  Smiri  and  Matter5 

to  our  theory.  The  results  of  theory  and  numerical  analysis  were  presented 

, 7 

in  the  Physical  Review. 

By  the  time  we  completed  the  theoretical  paper  by  Elci  et  al.,7  addi- 

3 

tional  experiments  had  been  performed  by  van  Driel  et  al.  in  which  the 
bandgap  was  tuned  by  hydrostatic  pressure.  We  modified  our  model  and 
computer  codes  to  include  these  pressure  effects,  and  we  generated  the 
corresponding  theoretical  curves.  The  agreement  between  these  new  exper- 
iments and  the  proposed  model  was  excellent.  The  curves  are  shown  in 
0 

van  Driel  et  al. 


One  of  the  results  of  our  numerical  studies  was  that  the  theoretical 
nonlinear  single  pulse  transmission  exhibited  a strong  dependence  on  optical 
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pulsewidth.  As  a result,  we  suggested  experimental  studies  of  this  type 
as  a test  for  our  model.  Since  the  apparatus  at  NTSU  was  not  fully  oper- 
ational, A.  L.  Smirl  collaborated  with  J.  S.  Bessey,  B.  Bossachi,  and 
H.  M.  van  Driel  at  the  University  of  Arizona  to  conduct  single  pulse  trans- 
mission studies  in  which  the  incident  optical  pulsewidth  was  varied. 

Theoretical  curves  for  this  study  were  generated  at  North  Texas.  The 

9 

results  of  these  studies  were  reported  in  Physical  Review,  and  were  dis- 
cussed during  our  review  of  the  literature  in  Sec.  II.  The  pulsewidth 
measurements  indicated  the  first  disagreement  between  theory  and  experi- 
ment. We  then  numerically  investigated  whether  this  disagreement  was  due 
to  the  simplifying  approximations  made  in  the  model,  the  uncertainties  in 
physical  constants,  or  the  physical  processes  included  in  the  model.  By 
numerically  solving  the  equations  while  varying  the  physical  constants 
over  their  accepted  range,  we  generated  a large  library  of  figures  in 
which  theory  and  experiment  were  compared.  As  a result  of  this  study,  we 
realized  that  the  pulsewidth  experiments  did  not  provide  a definitive  test 
of  our  model.  Indeed,  we  realized  that  the  uncertainty  in  the  electron- 
phonon  coupling  constant  prevented  our  uniquely  attributing  the  rise  in 
probe  transmission  to  a cooling  of  the  hot  carrier  distribution  created 
by  the  excitation  pulse.  One  could  reasonably  argue  that  the  energy  relax- 
ation rate  was  far  too  rapid  to  account  for  this  rise.  However,  it  also 
became  clear  to  us  that  if  the  rise  were  due  to  a cooling  of  a hot  carrier 
distribution  then  the  slope  of  this  rise  should  be  a sensitive  measure  of 

the  electron-phonon  coupling  constant.  The  culmination  of  this  theoretical 

10 

study  was  the  paper  by  Latham,  Smirl,  Elci,  and  Bessey. 

Finally,  an  invited  review  paper,  in  which  we  included  diffusion  in 
our  model  for  the  first  time,  was  presented  at  the  International  Conference 


on  Hot  Electrons  in  Semiconductors.  These  studies  showed  that,  depending 
on  the  initial  carrier  number  and  spatial  distribution  immediately  after 
the  passage  of  the  excitation  pulse,  carrier  diffusion  could  lead  to  a 
slow  (hundreds  of  psec)  decrease  or^  increase  in  probe  transmission.  We 
had  originally  thought  that  diffusion  might  account  for  the  gradual 
observed  decrease  in  probe  transmission  after  the  initial  rise. 

In  summary,  although  experimentally  this  was  a building  year,  we 
provided  the  theoretical  and  numerical  support  needed  to  compare  theory 
with  experiment — not  only  at  NTSU  but  at  the  University  of  Arizona  and 
the  University  of  Toronto  as  well.  We  also  collaborated  on  experimental 
work  at  Arizona,  while  assembling  our  own  equipment.  We  were  active 
professionally.  As  a result  of  our  work  in  this  area,  we  published 
five  papers,7'9'1-0'^''1'8  gave  an  invited  talk  before  the  Optical  Society 
of  America,  presented  a paper  at  the  International  Conference  on  Hot 
Electrons  in  Semiconductors  and  served  as  conference  vice-chairman. 

1 September  1977  - 31  August  1978,  To  appreciate  our  work  during 
this  period,  the  reader  has  to  understand  the  state  of  our  knowledge 
concerning  the  picosecond  excite  and  probe  response  of  germanium  at  the 
end  of  the  summer  of  1977.  We  had  previously  measured  the  enhanced 
transmission  of  single  optical  pulses  at  1.06  ym  through  germanium  as  a 
function  of  incident  pulse  energy,  and  we  had  measured  the  temporal  evolu- 
tion of  this  enhanced  transmission  on  a picosecond  time  scale  using  the 
1 . 06-ym-excite  and  1 .06-ym-probe  technique.  The  latter  measurements 
reveal  that  the  probe  transmission  increases  for  approximately  100  psec 
following  excitation  for  a sample  temperature  of  100  K;  however,  the 

rise  in  probe  transmission  is  less  than  40  psec  at  300  K.  We  had 
5 7 

initially  ' attributed  the  slower  rise  in  probe  transmission  at  100  K 
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to  a cooling  of  a hot  electron-hole  plasma  created  by  the  excitation  pulse. 

Thus,  the  rise  in  probe  transmission  measures  the  energy  relaxation  rate 

and  should  be  a sensitive  measure  of  the  electron-phonon  coupling  constants. 

The  investigations  that  we  reported  and  discussed  previously  (see  Latham 
9 

et  al.  ) had  subsequently  shown  that  uncertainties  in  the  electron-phonon 

coupling  constants  cast  doubt  on  this  interpretation.  In  contrast,  Auston 
12 

et  al.  had  stated  that  they  expected  the  energy  relaxation  rate  to  be 

too  short  to  account  for  this  rise  in  probe  transmission . They  had  also 
12 

suggested  that  processes  omitted  from  our  model,  specifically  intervalence- 

band  and  Coulomb-assisted  indirect  absorption,  might  be  important.  Indeed, 

12 

they  suggested  that  these  processes  might  introduce  a minimum  in  the 
absorptdon  versus  carrier  density  curve  and,  through  a private  communication, 
explained  that  this  curve  might  be  combined  with  Auger  recombination  to 
account  for  the  rise  in  probe  transmission.  Thus,  there  were  at^  least 
three  possible  explanations  for  the  rise  in  probe  transmission: 

(1)  the  rise,  like  the  "correlation"  spike,  is  an  artifact  of 
the  experimental  technique  (an  integration  effect) 

(2)  the  rise  is  caused  by  a cooling  of  a dense  "hot"  carrier 
distribution 

(3)  the  rise  is  due  to  Auger  recombination  combined  with  an  absorp- 
tion vs.  density  curve  containing  a minimum,  caused  by  intervalence- 
band  and  Coulomb-assisted  indirect  absorption. 

This  was  a confusing  state  of  affairs  to  say  the  least.  Thus,  we  decided 
to  test  the  new  model  suggested  by  Shank,  Auston,  McAfee  and  others  and 
to  determine  whether  or  not  the  rise  in  probe  transmission  contained  any 
physics,  or  whether  it  was  an  artifact  of  the  experimental  technique.  Our 
goals  in  these  investigations  were  twofold:  (1)  to  determine  the  importance 
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of  intervalence-band  and  Coulomb-assisted  indirect  absorption  events  at 
these  carrier  densities  and  (2)  if  they  are  important,  to  determine  whether 
or  not  they  can  account  for  the  rise  in  probe  transmission.  In  order  to  test 
these  models  and  these  processes,  we  first  needed  a probe  that  was  sensitive 
to  Auger  recombination  as  well  as  indirect  and  intervalence-band  absorption 
while  insensitive  to  other  processes.  In  particular,  the  probe  should  be 
decoupled  from  direct  absorption  processes— note  that  we  attributed  the 
probe  rise  to  a saturation  of  the  direct  absorption  coefficient  as  the 
carriers  cooled.  Thus,  we  chose  to  employ  a 1.55  pm  (0.8  ev)  probe  pulse 
generated  by  stimulated  Raman  scattering  in  Benezene.  (The  generation  of 
a quality  probe  pulse  by  Raman  scattering  is  a challenging  problem  in 
itself.)  This  probe  measured  the  combined  free-carrier,  intervalence-band, 
and  indirect  absorbance,  but  its  quanta  were  not  energetic  enough  to 
excite  direct  band-to-band  transitions.  We  repeated  our  1.06  pm  excite 
and  probe  experiments  employing  this  second  probe  at  1.55  pm.  These 
studies  revealed  no  minimum  in  the  absorption  versus  carrier  density 
relationship,  and,  thus,  this  relationship  cannot  be  combined  with  carrier 
recombination  to  account  for  the  rise  in  probe  transmission.  The  contri- 
butions of  free-carrier,  intervalence-band,  and  Coulomb-assisted  indirect 
absorption,  as  well  as  Auger  recombination,  are  significant,  and  they  must 
be  included  in  any  model.  In  addition,  we  demonstrated  that  the  rise  in 
probe  transmission  at  100  K is  a real  effect  and  not  an  artifact  of  the 

experimental  method.  The  details  of  these  measurements  are  contained  in 
13  17 

Smirl  et  al.  ' (A  preprint  is  provided  in  Appendix  D) , 

19 

Finally,  Elci  conducted  theoretical  investigations  that  predicted 
a great  enhancement  of  the  electron-hole  recombination  in  narrow  bandgap 
semiconductors  when  the  gap,  or  carrier  concentration,  is  adjusted  such 
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that  the  band-gap  energy  is  approximately  equal  to  the  plasmon  energy.  We 
are  pleased  to  say  that  these  predictions  have  been  confirmed  by  measurements 
reported  by  Dornhaus  and  Nimtz  at  the  International  Conference  on  Recombina- 
tion in  Semiconductors,  30  August  1978,  Southhampton,  U.K. 

13  15  17  19 

We  have  published  four  papers  ' ' ' as  a result  of  our  work 

this  year  (a  total  of  9 for  the  two  year  period) . And  we  have  presented 

a paper  at  the  Conference  on  Picosecond  Phenomena.  In  addition,  our 

14 

results  have  been  the  subject  of  theoretical  papers  by  Ferry  at  Colorado 

15 

State  and  by  van  Driel  at  the  University  of  Toronto. 

In  the  next  section,  we  detail  the  direction  we  expect  to  take  in 
these  studies  for  the  next  year. 


XV.  FUTURE  STUDIES 


As  we  have  detailed  in  the  previous  sections,  the  number  of  processes 
that  may  be  active  during  the  picosecond  optical  excitation  of  germanium 
is  staggering.  In  fact,  we  listed  16  of  these  processes  or  effects  in 
Section  II.  Many  of  these  processes  are  important  only  at  extremely  high 
densities.  Thus,  they  are  not  well  studied  or  understood.  As  a result, 
interpretation  of  initial  data  is  next  to  impossible.  Last  year  we 
began  an  attempt  at  sorting  out  the  effects  of  various  processes.  We 
shall  continue  this  effort  during  the  next  twelve  months. 

Initially,  we  shall  investigate  the  origins  of  the  so-called  ’’correl-' 

ation  spike"  observed  in  the  probe  transmission  in  germanium.  This  sharp 

spike  in  probe  transmission  near  zero  delay  in  excite  and  probe  experiments 

at  1.06  um  has  been  interpreted  oy  Shank  and  Auston3  as  a scattering  of 

the  excitation  beam  into  the  probe  beam  by  am  index  grating  formed  by  the 

interference  of  the  two  beams.  As  such,  the  spike  in  probe  transmission 

should  be  a correlation  of  excite  pulse  and  probe  pulse.  However,  other 

14 

interpretations  have  been  proposed.  Ferry  has  attributed  this  spike 
to  the  formation  of  a <S-funetion-like  spike  in  the  carrier  distribution 
function  and  to  band  narrowing.  The  origins  of  this  spike  will  be 
initially  investigated  by  repeating  our  original  excite-probe  experiments, 
where  both  excitation  and  probe  pulse  have  a wavelength  of  1.06  um.  How- 
ever, in  these  measurements,  the  probe  pulse  polarization  will  be  chosen 
perpendicular  to  that  of  the  excitation  pulse.  If  the  spike  is  caused 
by  the  interference  of  the  probe  and  excitation  beams,  the  spike  should 
disappear.  If  the  spike  remains  during  the  polarization  experiments, 


29 


30 


r 

f I 

III 

then  measurements  must  be  performed  to  determine  whether  or  not  study  of 
this  spike  will  provide  information  on  the  nonequilibrium  distribution 
function.  Supposing,  for  the  moment,  that  the  spike  is  caused  by  the 
interference  of  the  probe  and  excitation  beams,  we  expect  our  initial 
polarization  studies  to  be  followed  by  a detailed  study  of  the  surface 
reflectivity  at  various  angles  of  incidence  (both  in  the  presence  and 
the  absence  of  diffraction  effects)  iri  an  effort  to  measure  the  changes 
in  the  real  and  imaginary  part  of  the  index  of  refraction  of  germanium 
under  optical  excitation.  These  measurements  could  provide  information 
concerning  carrier  number  and  temperature.  A third  set  of  measurements 
will  be  performed,  assuming  diffraction  effects  are  dominant.  Two  pulses, 
simultaneously  incident  on  the  germanium  surface,  will  form  an  index 
grating;  the  lifetime  of  this  grating  will  be  measured  by  monitoring  the 
diffracted  light  from  a third,  delayed  pulse.  This  third  measurement 
should  provide  a separation  of  recombination  and  diffusion  effects. 

2 

(As  the  reader  may  recall  from  Section  II,  the  original  measurements  of 
diffusion  effects  at  these  carrier  densities  were  complicated  by  the 
reduction  in  carrier  density  due  to  Auger  recombination.)  In  summary, 
these  investigations  should  provide  information  concerning  the  carrier 
distribution  function,  real  and  imaginary  part  of  the  index  of  refraction, 
and  diffusion  at  large  optically-created  carrier  densities. 

In  a separate  attempt  to  determine  the  energy  relaxation  time  of 
the  excited  carrier  distribution,  excite-probe  measurements  will  be  per- 
formed at  various  wavelengths.  In  this  application  of  the  excite  and 
probe  technique,  a high  density  hot  plasma  will  be  created  by  direct 
absorption  of  an  excitation  pulse  with  photon  energy  much  greater 
than  the  direct  band  gap  in  germanium.  The  evolution  of  the  plasma  will 
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be  monitored  by  a probe  pulse  with  photon  energy  greater  than  the  band  gap 
but  less  than  the  photon  energy  of  the  excitation  pulse.  This  second  pulse 
will  track  the  carriers  as  they  cool  within  the  conduction  and  valence 
band. 

The  exact  roles  of  the  direct  energy  band  gap  and  the  energy  separation 
between  central  and  indirect  conduction  band  valleys  as  they  relate  to 
band  filling  and  inter-valley  scattering  will  be  investigated  by  repeating 
many  of  our  previous  studies  as  the  band  gap  of  germanium  is  varied  by 
cycling  our  sample  from  300  K to  14  K in  a closed  cycle  refrigerator.  We 
are  also  interested  in  determining  whether  our  approximation  of  a single 
termperature  for  both  central  and  side-valley  conduction  band  electron 
distributions  and  valence  band  hole  distributions  is  a good  one. 

Finally,  we  believe  one  of  the  most  productive  experiments  might  well 
be  to  measure  the  band-to-band  photoluminescence  spectra  on  picosecond 
time  scales  following  optical  excitation  with  a picosecond  pulse.  It  is 
not  clear  if  the  recombination  radiation  will  be  intense  enough  to  allow 
measurement  with  our  present  equipment.  However,  if  these  measurements 
are  successful,  they  should  provide  a temporal  indicator  of  the  carrier 
location  within  the  bands.  As  such,  one  should  be  able  to  deduce  both 
the  distribution  function  and  energy  relaxation  rates.  We  expect  to 
observe  a vastly  accelerated  radiative  recombination  rate  from  the  central 
valley  compared  to  that  expected  at  lower  carrier  densities. 

The  experiments  described  above  are  designed  to  separate  and  identify 
the  contributions  of  plasmon  emission,  phonon-assisted  carrier  relaxation, 
diffusion,  radiative  recombination  and  other  electronic  interactions  to 
the  ultrafast  temporal  response  of  free  carrier  distributions  in  semi- 


conductors under  intense  optical  excitation.  The  assumptions  that  the 
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carrier  distributions  are  Fermi-like  (and,  indeed,  spatially  independent  for 
thin  samples)  and  that  phonon  distributions  are  Bose-like  will  be  tested 
in  these  experiments. 
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A simple  and  inexpensive  relative  energy  monitor  for  short  laser  pulses  is  described.  The  three 
basic  units  of  this  system  are  an  integrating  detector  circuit,  an  amplifier,  and  a peak 
detector  and  hold  circuit.  With  this  device  one  can  measure  optical  pulse  energies  (at  1.06 
fim)  as  small  as  1.0  nJ  with  an  electronic  accuracy  of  ~1%. 


In  pulsed  laser  experiments,  one  often  wants  to  measure 
quantities  such  as  the  shot-to-shot  variation  in  laser 
pul$£.  energy  or  the  fraction  of  laser  power  reflected 
from  or  transmitted  through  a sample.12  Such  measure- 
ments require  only  a determination  of  the  relative 
energy  in  a laser  pulse  and  can  easily  be  made  by  using 
a reverse-biased  photodiode  as  the  laser  pulse  detector 
and  charging  a capacitor  with  the  photodiode  output. 
The  problem  then  reduces  to  measuring  the  charge 
on  the  capacitor.  The  usual  way  of  doing  this  is  to 
allow  the  capacitor  to  discharge  through  the  1-MO 
input  impedance  of  an  oscilloscope  and  to  photograph 
the  resulting  RC  decay  curve.  Unfortunately,  this 
technique  has  rather  limited  accuracy  and  the  cost  of 
photographic  film  can  become  prohibitive  if  many 
measurements  are  to  be  made. 

A much  better  method  is  to  use  a sample-and-hold 
circuit  so  that  the  capacitor  charge  can  be  read  out  as 
a dc  voltage.  A sample-and-hold  device  with  a tracking 
bandwidth  on  the  order  of  I MHz  and  a memory  decay 
rate  of  '-0.5  mV/s  is  needed  for  this  approach, 
however,  and  integrated  circuit  or  hybrid  devices 
meeting  these  specifications  cannot  be  obtained  com- 
mercially. In  this  note  we  present  a simple,  inexpensive 
circuit  which  holds  the  capacitor  charge  for  about  30  s. 


allowing  one  to  easily  measure  the  relative  pulse  energy 
with  any  dc  voltmeter.  The  electronic  accuracy  of  the 
circuit  is  about  \%. 

The  circuit  is  shown  in  Fig.  1 and  consists  of  three 
basic  units:  an  integrating  detector,  an  amplifier,  and 
a peak  detector-and-hold  circuit.  The  detector  circuit 
is  fairly  conventional  and  uses  a United  Detector 
Technology  PIN  6D  silicon  photodiode  to  charge  a 
100-pF  capacitor.  This  is  followed  by  a 10  x gain  non- 
inverting amplifier.  The  peak  detector-and-hold  circuit 
uses  two  operational  amplifiers.  The  first  is  effectively 
an  inverting,  unity  gain  amplifier  which  charges  the 
0.01-fiF  track  and  hold  capacitor  Cz.  Both  this  and 
the  previous  amplifier  must  be  wideband  (settling  time 
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Fig.  I.  Energy  monitor  for  short  pulse  lasers.  (Resistance  is  in 
ohms  and  capacitance  is  in  nF,  unless  otherwise  noted.) 
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<50  /as)  in  order  to  accurately  capture  the  input 
waveform.  The  offset  voltage  of  the  unity  gain  amplifier 
is  important  and  may  be  conveniently  checked  by 
shunting  the  FET  by  a resistor  (e.g.,  I kfi)  and  monitor- 
ing the  output  of  the  buffer  amplifier.  The  second 
op-amp  in  the  peak  detect-and-hold  circuit  is  a high 
input  impedance,  ultralow  bias  current,  unity  gain 
buffer  amplifier  which  allows  the  voltage  across 
capacitor  C,  to  be  read  while  drawing  negligible  charge 
from  it.  A 2N3823  FET  is  used  as  a high  reverse 
impedance  diode  to  clamp  the  capacitor  voltage  at  the 
peak  of  the  input  waveform.  Care  should  be  exercised 
in  choosing  capacitor  C2,  since  many  capacitors  were 
found  to  have  a leakage  resistance  that  was  much  less 
than  the  back  resistance  of  the  FET  or  the  input 
impedance  of  the  buffer  op  amp.  A glass  capacitor 
proved  adequate  for  our  purposes. 

The  unique  feature  of  our  circuit  is  the  use  of  an 
inexpensive  ultralow  input  offset  current  op-amp  ( Burr- 
Brown  3523J)  having  limited  bandwidth  as  the  buffer 
amplifier.  The  limited  bandwidth  causes  a brief  period 
of  linear  charging  with  no  feedback  during  which  time 
the  tracking  capacitor  is  not  following  the  input  signal. 
Thus  for  small  signals  applied  to  the  peak  detector  and 
hold,  the  voltage  on  the  tracking  capacitor  will  actually 
overshoot  the  peak  of  the  input.  In  our  circuit  this 
restricts  the  dynamic  range  of  the  input  to  0.6-  10  V. 


rather  than  the  0-  10  V one  would  have  in  an  ideal 
buffer  amplifier. 

This  sacrifice  of  dynamic  range  allows  construction  of 
a rather  inexpensive  peak  detector  and  hold  with  very 
high  performance.  All  the  circuit  components  for  our 
energy  monitor  cost  less  than  $75,  including  the 
photodiode  (but  not  a digital  voltmeter). 

A simple  method  of  dynamically  testing  the  accuracy 
and  linearity  of  the  peak  detector  is  to  apply  a 
repetitive  pulse  train  as  an  input  while  the  track-and- 
hold  capacitor  C2  is  shunted  by  a resistor  to  provide 
an  RC  time  constant  less  than  the  repetition  rate.  The 
waveforms  may  then  be  observed  on  an  oscilloscope. 
To  realize  the  full  potential  of  this  circuit,  it  should 
be  mounted  in  a well  shielded  copper  box,  and  the 
detector  should  be  optically  baffled  to  eliminate  stray 
light. 
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Electron-hole  recombination  via  plasmon  emission  in  narrow-gap  semiconductors 
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When  ihe  plasma  frequency  coincides  wiih  the  hand  gap  m a narrow  gap  semiconductor  like 
(I’b  ,Sn,)Sc.  ihe  electron-hole  recombination  is  quite  fast,  in  the  picosecond  range  Plasmon  lifetime  is 
calculated  and  taken  into  account  in  the  calculation  of  the  recombination  rate  Experiments  in  which  the 
plasmon-assisted  recombination  may  be  observed  directly  are  proposed 


I INTRODUCTION 

Recent  picosecond  optical  pulse  measurements 
on  Ge  have  shown  that  plasmons  play  a significant 
role  in  the  nonlinear  transmission  of  intense  op- 
tical pulses.  The  optical  properties  of  a Ge  wafer 
irradiated  by  an  intense  Ndtglass  laser  pulse  are 
significantly  altered  by  the  rapid  recombinations 
of  electrons  and  holes  via  plasmon  emissions  at 
high  plasma  densities.  Due  to  these  recombina- 
tions, nonlinear  light  absorption  in  Ge  is  observed 
to  decrease  relatively  slowly  and  saturate  at  a 
higher  absorption  level  as  optical  pulse  energy  is 
increased  than  otherwise  would  be  expected.  The 
dense  plasmas  created  by  the  picosecond  optical 
pulses  display  other  properties  that  are  also  attri- 
buted to  the  plasmon-assisted  electron-hole  re- 
combination.1,2 

However,  in  all  these  measurements  this  type  of 
recombination  is  observed  only  indirectly,  since 
other  equally  rapid  processes  are  taking  place  si- 
multaneously while  the  energetic  optical  pulse  is 
being  absorbed  in  Ge.  It  would  be  desirable  to  ob- 
serve the  electron-hole  recombination  via  plasmon 
emission  more  directly.  The  best  materials  in 
which  this  recombination  can  be  more  directly  in- 
vestigated are  the  narrow-gap  semiconductor  al- 
loys (Pb,_,  Sn,  )Se,  (Pb,_,  Sn,)Te,  and  (Cd,.,  Hg)Te. 
In  these  materials,  the  energy  gap  Ea  between  con- 
duction and  valence  bands  is  direct  and  can  be  con- 
tinuously varied  through  zero  by  changing  alloy 
composition  or  by  applying  hydrostatic  pressure 
or  magnetic  field.5'7  Some  time  ago,  Wolff"'9 
suggested  that  it  may  be  possible  to  induce  plasma- 
wave  instability  in  these  materials  by  adjusting 
I-.,  to  coincide  with  the  plasma  frequency  Au 
then  pumping  holes  or  electrons  into  the  semi- 
conductor by  an  electron  or  laser  beam.  Whether 
or  not  stimulated  plasmon  emission  occurs  when 
electrons  or  holes  are  externally  pumped,  there 
is  an  enhancement  of  electron-hole  recombination 
if  Ec-  ti at p . If  E0~  hatp,  the  pumped  electrons  and 
holes  recombine  via  plasmon  emission  at  a rate 
two  to  three  orders  of  magnitude  larger  than  the 

16 


rate  at  which  they  recombine  via  photon  emission.'" 
Plasmons  which  are  emitted  by  the  recombining 
electron-hole  pairs  generally  have  long  wavelength 
(-  approximately  sample  dimension). 

To  illustrate  the  physics  of  the  situation,  let  us 
consider  a specific  semiconductor  (Pb.^Sn,  )Se. 

Its  band  structure  is  schematically  shown  in  Fig. 

1.  The  band  gap  is  at  L,  and  there  are  four  con- 
ductions nd  valleys."  Let  us  assume  that  tem- 
perature is  low  and  that  the  conduction  band  is 
filled  up  to  the  Fermi  level  Er  which  is  consider- 
ably larger  than  E0.  A typical  conduction-band 
electron  density  is  nc~10,B  cm'5.  Now  let  us  sup- 
pose that  the  semiconductor  is  pumped  either  op- 
tically (quanta  of  energy  hvL)  or  with  an  electron 
beam  and  a small  density  of  holes  (10M-1015  cm*5) 
is  created.  The  thermalization  rate  for  holes  is 
relatively  short9  (i  10'13  sec).  Therefore  holes 
rapidly  lose  energy  and  collect  near  the  band  edge 
as  shown  in  Fig.  2.  The  hole  Fermi  level  5 Ep  is 
assumed  to  be  small;  f>Ep  <K£C.  Holes  and  elec- 
trons which  are  near  the  band  edge  begin  to  re- 
combine. This  recombination  can  occur  through 
many  mechanisms,  which  are  discussed  in  de- 
tail in  a review  paper  by  Bonch-Bruevich  and 
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FIG.  2.  Thermalized  hole  distribution. 

Landsberg.'0  The  special  feature  of  the  semi- 
conductors mentioned  above  is  that  when  Ec  -h  ji, , 
plasmon  emission  is  exceedingly  rapid  and  elec- 
tron-hole recombination  is  therefore  essentially 
determined  by  plasmon  mechanism  alone.  It  is 
the  long-range  portion  of  the  electronic  Coulomb 
field  which  induces  the  rapid  recombinations  in 
these  materials. 

In  Wolff’s  original  work  on  the  plasma-wave  in- 
stability,9 the  plasmon  lifetime  was  taken  as  in- 
finite in  his  calculation  of  the  spontaneous  plas- 
mon-assisted  recombination  rate.  Therefore  the 
rate  he  obtained  goes  to  zero  for  h jjp  s Ec.  How- 
ever plasmon  decay  in  the  semiconductor  alloys 
mentioned  above  is  rapid  even  tor  plasmons  which 
have  long  wavelengths.  The  enhanced  recombina- 
tion can  actually  occur  for  band  gaps  larger  than 
h u>,  as  a result  of  the  short  lifetime  of  plasmons 
and  the  consequent  broadening  of  their  energy. 

In  this  paper,  the  spontaneous  recombination 
rate  of  holes  in  an  n-type  narrow-gap  semicon- 
ductor is  calculated  for  finite  plasmon  lifetime. 
The  plasmon  lifetime  is  calculated  in  Sec.  Ill,  and 
found  to  be  about  1 psec.  The  calculated  recombi- 
nation rate  turns  out  to  be  quite  large  for  a rela- 
tively wide  interval  of  band  gap  values  (see  Fig. 

5).  Although  the  plasmon-assisted  recombination 
rate  is  somewhat  reduced  for  Ec<:/lu)f  compared 
to  that  for  F.c  < hu>„  it  is  still  considerably  larger 
than  the  rates  for  other  recombination  mechan- 
isms. For  example,  it  is  about  two  orders  of 
magnitude  larger  than  the  rate  of  optical  recom- 
binations. In  Sec.  rv,  experiments  in  which  the 
plasmon-assisted  recombination  can  be  directly 
observed  are  suggested  and  discussed  in  some  de- 
tail. 


butions  illustrated  in  Fig.  2.  In  the  following  cal- 
culation we  make  use  of  the  propagator  for  pljs- 
mons  and  the  self -energy  method, IJ"M  which  are 
well  known  and  will  not  be  elaborated  upon  here. 

Let  us  note  that  the  plasmon  lifetime,  or  more 
precisely,  the  width  of  the  plasmon  resonance, 
which  is  K x (plasmon  lifetime)"',  enters  into  the 
..•combination  rate  calculation  quite  naturally  when 
the  self-energy  method  is  used.  In  this  section 
the  plasmon  resonance  width  is  treated  as  an  un- 
known parameter.  It  is  evaluated  in  Sec.  III. 

Figure  3 shows  the  diagram  for  the  recombina- 
tion via  plasmon  emission.  For  a hole  of  wave 
vector  Tc,  the  recombination  rate  is  given  by9 
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Here  m is  the  bare  electron  mass;  P,.,  is  the  in- 
terband matrix  element  of  the  momentum  opera- 
tor; and  Ec  and  fc„  are  electron  and  hole  energies, 
respectively,  t.  is  the  high  frequency  dielectric 
constant,  and  t.t(§,  m)  is  the  overall  dielectric 
function.9  Note  that 

lim  f(<?, w)=  1 . (2) 


The  Pc,  factor  in  Eq.  (1)  comes  from  the  inter- 
band matrix  element  of  the  density  fluctuation  op- 
erator, which,  for  long-wavelength  fluctuations, 
is  given  by15 

(cit |e‘*  ‘ 1 | fit') » - (5  ‘ Pc,  /m£c)8‘(k'  + q - it) . (3) 

For  the  energy  bands  of  (Pb,_,  Sn,  )Se,  one  can 
use  the  two-band  model.'*  Then 
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;ngf  is  the  effective  mass  at  the  band  edge 

J_  = ( dtc 

mK  \ h2k  dk 


(5) 


II  SPONTANEOUS  RECOMBINATION  RATE  OF  HOLES 

In  this  section,  the  spontaneous  recombination 
rate  of  holes  is  calculated  for  the  carrier  distri- 


FIG. 3.  Plasmon  emission 
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It  is  co luted  to  Pcv  by  the  equation 

t ,„M  = 2|PcJ*/3w3Ec  . 16) 

Near  the  plasmon  pole,  Eq.  (1 ) becomes 

1 <J>|- 
rA(k)  An  t, 

* / dq  | |' 

J I >»EC  I 

i A(q)  \ 

' V | rt  u)j  - A C(K  + q)  + £.„ (k)]2  +f  '.A(q)|2/  ’ 

(7) 

where  h .N(q)"'  is  the  lifetime  and  is  the  fre- 
quency for  a plasmon  of  wave  vector  q.  It  is  clear 
from  (7)  that  when  E0-h*>„  where  is  the  plas- 
ma frequency  for  9=0,  the  resonance  is  set  at 
*>  -0  and  9-0.  The  hole  densities  we  have  in  mind 
are  small,  and  holes  are  confined  to  a small  re- 
gion near  the  band  edge.  Let  us  therefore  set 
k = 0.  Near  the  pole,  A(q)  can  be  approximated  by 
A(0)  and  thus  treated  as  constant.  We  will  also 
neglect  plasmon  dispersion  and  set  =u uip  is 
given  by 

aj,=  (4*eJnc/««wiS)l/2  > W 

where  nc  is  the  density  of  electrons  in  the  conduc- 
tion band  and  m, , is  the  effective  mass  at  the  Fer- 
mi surface 

j_3/_ Li&iiTi  . o) 

in  t , V h2k  dk  I „ 

The  hole-density  contribution  to  the  plasma  fre- 
quency is  neglected  since  the  hole  density  is  as- 
sumed to  be  small  (~10M-10’5  cm"3,  compared  to 
nc  -10'"  cm"3). 

Finally,  for  small  q,  we  can  approximate  (4a)  by 
F.c(q  )^EG*-lt2qr/2mBE.  (10) 

Thus  the  recombination  rate  in  Eq.  (7)  becomes, 
at  k = 0, 

1 _ /i2f3w» 

rR(0)  = 4v2e„ 


A(0)  

" ( A - E 0 ~ h2q2/2»,uiy^  A(0)|2  ' 

(ID 

This  integral  can  be  evaluated  analytically.  If  we 
define 

p*  ha/hj>,  (12) 


£3  M0)/2/iu>,  , U3> 

then  Eq.  (1 1 ) becomes 

1 / 6'  3C3q^l»£ \ 

T R(0)  \ AtJPc„|  > 

x!pl(p-l)27£3|',3+p(p-l)}-’'J.  (14) 

Note  that  as  the  plasmon  width  A(0)  goes  to  zero, 

lim  £ ^>|  (p  - 1 )3  + £S|'  J +P(P  - 1)}"'  ■ 
c-o 

| 0 for  p>  1 , 

I 2,/2p",/2(l  -p)'1'2  for  p<  1, 

and  (14)  reduces  to  the  expression  given  by  Wolff 
(neglecting  6E,,  the  hole  Fermi  energy). 

Ill  PLASMON  LIFETIME 

In  order  to  complete  the  calculation  of  the  spon- 
taneous recombination  rate,  we  need  the  plasmon 
resonance  width  for  long-wavelength  plasmons, 
i.e.,  A(0).  Here,  we  calculate  the  plasmon  decay 
for  the  lowest-order  perturbation  diagrams,  since 
higher-order  diagrams  are  not  expected  to  contri- 
bute to  the  decay  in  any  significant  amount.  We 
have  only  indicated  the  outlines  of  the  calculation 
in  the  text.  The  details  are  discussed  in  the  Ap- 
pendix. 

(Pb,.,Sn,  )Se,  (Pb,_,  SnJTe,  and  (Cd,..Hg,)Te 
are  relatively  degenerate  Wien  h a),  ~ l-  G , for  both 
n-type  and  p-type  samples.  Long- wavelength 
plasmons  decay  primarily  via  impurity  scattering 
in  these  materials.  As  the  plasmon  wavevector 
9-0,  other  plasmon  decay  mechanisms— e.g., 
Landau  damping  and  phonon  scattering— are  rela- 


te) 


FIG.  I Plasmon-impurity  scattering. 
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tively  unimportant,'7  and  will  be  ignored  in  this 
paper. 

The  lowest  order  plasmon-impurity  scattering 
is  shown  in  Figs.  4(a)  and  4(b).  Here  a plasmon 
breaks  up  into  an  electron  and  a hole  in  the  fixed 
field  of  the  impurity.  The  impurity  imparts  enough 
momentum  to  the  incoming  plasmon  to  permit  the 
transfer  of  the  plasmon  energy  to  individual  par- 
ticle states,  i.e.,  to  raising  an  electron  above  the 


/ 4 ne-  i -j>,  \ 

' 2(4vc2\ 

( 1 1 

1 V p-kq-51 

' 1 

\ £.7 

vq  - q'  i2  + «2  > 

i ' 1 

where  k*  and  q'  are  as  defined  in  the  diagrams, 
fii  refers  to  the  position  of  an  impurity,  n,  is  the 
number  of  impurities  in  the  volume  (which  is  taken 
to  be  unity  in  the  calculation),  and  k is  the  Fermi- 
Thomas  wave  vector 

= . (15) 

The  absolute  square  of  this  amplitude  contains  the 


Fermi  level,  leaving  an  empty  state  behind,  in 
the  conduction  band.  Since  the  impurity  is  fixed 
in  space,  no  energy  is  given  to  or  taken  from  it. 
As  the  initial  piasmon  momentum  goes  to  zero, 
the  contribution  of  these  diagrams  remains  con- 
stant a d large. 

The  net  amplitude  for  the  plasmon  decay  in  a 
screened  impurity  field  is  the  sum  of  the  two  dia- 
grams shown  in  Fig.  4 (Ref.  18): 


.$  / J 

V' ",  - +q)  *-£c(lt) 

Ao),  - hc (E  +^')  +£c(lt  +q'  - q) ) ’ 


factor 

n(  rij 

i 1 I I 

Impurities  are  distributed  randomly  and  therefore 
to  a good  approximation  we  may  take  the  sum  of 
the  diagonal  terms  (j  =j)  alone,1”  which  gives 
Let  us  define  the  partial  width 


Xfc~MT+I)+£e(ir)  "ftw,  - £C(E  + q'1)  +£c(E  +q'  - q)  ) Mtc(M') -£c(k)  . (16) 

Integrating  over  all  possible  final  states  with  appropriate  weighting  factors,  we  then  obtain  the  plasmon 
resonance  width  at  the  plasmon  wave  vector  q: 

A(^)=/(f^/(f^  -flU'),  (17) 


where  f j is  the  Fermi  function  for  electrons  with  a temperature  T = {kBli)~ 
t’f  = l/(ee[V*’-*r'  + 1 ) . 

The  integrals  in  Eq.  (17)  are  evaluated  in  the  Appendix  for  q-0  and  T~  0.  Within  the  approximations 
indicated  there,  Eq.  (17)  for  q =0  is 


(18) 


| 324''  » 72(2  ♦ 30  - 6A2(a(5  * 2£2) 
342(l+(2) 


•*'»»  ■ ■*.  i - •-  • a • A>»i»  ( * **= * > > * «■<» )-i 


,9j  | tan"'(tA  + ()  - tair'te  - t)l  j - 


where  the  parameters  are 

d0  ^ e'm  4u>l  n,  /I2irelmfs  I Pcv  I 4 nc  , 
l,*mhkr/mK  |P„| , 


(19) 


(20) 


(21) 
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.iikI 


' (2/ , ho,.  (22) 

To  get  some  feeling  for  the  actual  numbers  in- 
volved in  these  calculations,  let  us  consider  ;i 
simple  of  iPb,.,Si\)Se  for  which  i - 0.18  and  there- 
for A,  ' 0.03  eV.  For  these  alloys,  t „ - 20. 

11. ilia's  measurements  on  I’liSe  .,ive 


h f.  3<«-'a  1.85  • 10"  etircnr.  (23) 

Let  ./  lO'"  cm*’.  In  the  limit  of  degenerate  car- 
riers 


ltF  = (>2hc)’  'j»2  *106  cm'1. 
From  (4a)  and  (6)  one  finds 


(24) 


(25) 


a Il'v,  -c',.  in . 3 3.0.  (27d) 

Therefore  A(0)  is  independent  of  I-.,,  as  limn  as  (20) 
is  valid.  Setting  it,  «c,  we  find  A„  - 2 • 10'  eVand 
^(0)'  10"3  eV.  Thus,  the  lifetime  of  long-wave- 
length plasmons  is  alxiut  1 psec. 

The  recombination  rate  versus  p /•. c/l/u)p  for 
A(0)  - 10'1  eV  is  plotted  in  Fig.  5.  It  is  seen  that 
electron-hole  recombination  is  enhanced  and  ex- 
tremely rapid  even  for  //uv  It  is  also  seen 
that  the  recombination  rate  varies  as 
A(0)p"|/2(,>  - 1 )"’  2 for  p ' 1.  This  portion  of  the 
curve  arises  entirely  from  the  finite  plasmon  life- 
time. 

It  might  be  possible  to  reproduce  this  theoretical 
curve  experimentally.  The  rapidity  of  the  recom- 
bination might  also  be  of  some  use  in  new  devices. 
We  now  turn  our  attention  to  this  subject. 


When  he -0.03  eV.  the  last  term  under  the  radical 
sign  is  an  order  of  magnitude  larger  than  the  first 
one.21  Neglecting  the  latter,  (25)  can  be  approxi- 
mated by 

E.  iis-  + h-kf  1 ^il  * . 0.058  eV.  (26) 

' 2 m/3  2 

Using  (26),  one  then  finds  that 

ii/r.m*v3  hk,  i PC1 1 = 4.5  x 10"2 , (27a) 

SM/.3,  (27b) 

Uu!p  ,’i(4i:c2>ic/€.>nrs)l/:!  =*0.034  eV,  (27c) 

and 


P 


FIG.  3.  Plasmon-assisted  recombination  rate;  p 

E q/ h *‘p  ■ 


IV  FXPI  RIMFNT AL  OBStRV  ATION  AND  DISCI  SSION 

For  the  sake  of  definiteness,  we  will  continue  to 
refer  to  a specific  n-type  (Pb,.,Sn, )Se  sample. 
However,  only  a slight  modification  of  tne  theore- 
tical discussion  offered  here  applies  equally  well 
to  p-type  (Pb,.,Sn,)Se,  and  to  both  n-  and  /’-type 
(Pb,_,Sn,)Te  and  (Cd,.,Hg,  )Te. 

One  direct  method  of  studying  the  enhanced  re- 
combination is  to  do  a reflectivity  experiment. 
Optical  pulses  of  extremely  short  duration  (a  few 
picoseconds)  can  be  achieved  by  mode-locked 
lasers.22  These  pulses  can  be  used  to  measure 
the  decay  in  the  density  of  electrons  and  holes 
which  are  pumped  optically.  The  schematic  of 
suen  an  experiment  is  shown  in  Fig.  6.  The  sam- 
ple is  assumed  to  be  thin,  IV  - 1 pm.  The  optical 
pulse  from  the  second  harmonic  of  a CO,  laser 
creates  the  holes.  For  the  second  harmonic  of  the 
CO^  laser,  hvL  =0.234  eV  2 Kf  and  the  light 

absorption  coefficient  of  the  semiconductor  at  this 
frequency  is  ir(i/,  )~  IC'1  cm*1.  Another  pulse,  from 
the  first  harmonic  of  the  CO,  laser  |/ie  0.117  eV 


FIG.  6.  Schematic  of  reflectivity  experiment 
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FIG.  7.  schematic  of  photoconductivity  experiment. 


- 2 l-:r  - Ec;  a )|,  is  incident  on  the  sample 
(normal  or  at  an  angle),  but  is  delayed  compared 
to  the  first  pulse.  The  reflectivity  of  the  second 
pulse  can  be  measured  and  related  to  the  hole  den- 
sity created  by  the  first.  The  time  interval  be- 
tween the  two  pulses  can  be  varied  to  observe  the 
decrease  in  the  hole  density  at  different  delay 
times.  For  thin  samples  (IF -or "'),  the  decay  in 
the  hole  density  is  entirely  due  to  recombinations23 

Hh't  expl-/*,,/^).  (28) 

Such  thin  samples  can  be  grown  epitaxially.  In 
such  an  experiment,  hydrostatic  pressure  can  be 
applied  to  the  sample  by  putting  it  into  a diamond 
cell.  Since  Ec  varies  with  hydrostatic  pressure 
('It-g/dP  - —8.65  * 10's  eV/bar),23  1/r*  can  be  map- 
ped experimentally  as  a function  of  Ec. 

The  proposed  experiment  is  quite  similar  in 
technical  detail  to  those  discussed  in  Refs.  1,  2, 
and  25.  For  more  information  on  experimental 
technique,  the  reader  is  referred  to  these  papers 
and  to  the  references  cited  therein. 

Although  the  recombination  rate  is  rapid,  it  is 
possible  to  do  a photoconductivity  experiment  to 
measure  it.  Since  such  an  experiment  allows 
1/  r*  to  be  varied  without  changing  Ec,  we  will 
discuss  it  in  some  detail.  The  schematic  of  the 
experiment  is  shown  in  Fig.  7.  A thin  wafer  of 
thickness  H'  is  subjected  to  a drift  field  J0.  There 
is  a current  /„  flowing  through  the  sample.  An 
optical  beam,  e.g.,  from  a cw  CO  laser,  is  turned 
on  and  creates  holes.  Holes  thermalize  and  col- 
let. not,  however,  at  the  band  edge  as  discussed 
previously,  but  at  a region  below  the  band  edge 
because  of  the  drift  induced  by  the  constant  electric 
field. w This  is  illustrated  in  Fig.  8.  Hie  shift  of 
the  hole  distribution  from  the  top  of  the  valence 
band  is,  approximately, 

AE  - ’.m,,,  <M,<0)»p  (29) 

where  p,  is  the  hole  mobility.  The  expression  for 
the  recombination  rate  given  in  (14)  can  still  be 
used  if  Ec  in  p is  replaced  by  an  effective  gap 


FIG.  8.  Hole  distribution  in  constant  electric  field. 

£S  = EC+2AE.  (30) 


Thus  the  recombination  rate  is  dependent  on  the 
electric  field  applied.  The  recombination  rate  can 
therefore  be  changed  by  varying  the  electric  field, 
as  well  as  by  varying  the  band  gap. 

When  the  laser  beam  is  on,  holes  are  generated 
near  z = 0.  Holes  drift  and  diffuse  in  the  direction 
of  the  electric  field;  many  of  them  recombine. 

But  if  the  sample  thickness  is  small  and  the  applied 
electric  field  large,  then  there  is  a sufficient  num- 
ber of  holes  reaching  the  surface  at  ^ = IF  to  give  an 
appreciable  photoinduced  current.  The  photoin- 
duced  hole  current  density  is  given  by 


(31) 


where  n„  is  the  photogene  rated  hole  density  and 
is  the  hole  diffusion  constant.  In  steady  state. 


1 tl  . Hl 


=>  G5(z)  , 


(32a) 


where  G - (light  speed)  x (the  number  of  photons 
per  unit  volume  in  the  light  beam).  Since  the  pho- 
togenerated  holes  are  extracted  at  z It', 

n„(W)  = 0.  (32b) 


The  solution  of  (32a)  and  (32b)  is  given  by 

[exp(lwf-)  jsinh(ir) 

x [n»$0sinh(-^y  2l\l„  cosh  ^ J , 


where 


1 

T K 


(33a) 


(33b) 
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')  1 11 


(34) 


Thus  the  current  density  is  at  ^ =W’, 

x [ p*>5>0sinh^  ) 

+ cosh  ( ;~  ) ] • 

For  (Pb,_,  Sn,)Se  alloys,  /i,~10'1  cm2 /V  sec  and 
l\~2  xjO2  cmVsec.  If  r*=10*"  sec,  H=10/im, 
and  S„  - 3 '10'  V/cm,  and  if  the  power  delivered 
by  the  laser  is  designated  l'L,  then  the  current  is 

'/i=-4;»("  )=500/'i  mA  , (35) 

where  l’L  is  measured  in  watts.  |.-l  is  the  area  on 
which  the  light  beam  is  focused;  i„  is  independent 
of  .1  for  the  boundary  condition  (32b)) . Thus,  even 
at  modest  cw  laser  power  outputs,  the  photoin- 
duced  currents  will  be  measurable.  From  con- 
ductivity measurements  one  can  then  determine  tk 
(via  /,)  as  a function  of  the  applied  electric  field. 
The  role  of  the  electric  field  is  twofold;  it  induces 
carrier  drift,  and  it  changes  tk  via  the  effective 
gap. 

Although  we  have  concentrated  on  the  experi- 
mental arrangement  illustrated  in  Fig.  7,  an  ex- 
perimentally better  geometry  is  probably  the  one 
illustrated  in  Fig.  9,  since  the  light  beam  falls  on 
an  area  adjacent  to  the  current  probe  and  since 
the  optical  alignment  can  be  adjusted  to  obtain  the 
maximum  photoinduced  currents  for  a given  laser 
output  and  applied  field. 

One  might  worry  that  in  the  suggested  experi- 
ments the  semiconductor  would  begin  to  lase  due 
to  the  inverted  electron-hole  population  and  that 
this  would  interfere  with  the  plasmon-assisted  re- 
combination. This  need  not  be  a problem.  When 
the  hole  densities  are  in  the  range  10,‘i  cm"3, 
the  semiconductor  alloys  we  have  been  discussing 


lase  only  at  quite  low  temperatures.  The  proposed 
experiments  can  be  done  at  liquid-nitrogen  or 
room  temperature. 

Plasmon-assisted  electron-hole  recombinations 
can  be  used  in  modulating  the  density-dependent 
parameters  of  the  narrow-gap  semiconductors. 
Nurmikko  and  Pratt  suggested  an  application  of 
this  to  modulate  infrared  radiation  in  picosecond 
range21  which  is  of  some  practical  interest.  The 
light -absorption  coefficient  ur(e)  of  a direct  gap 
crystal  is  a relatively  sensitive  function  of  the 
carrier  densities.  If  a large  number  of  carriers 
are  created  by  an  intense  light  beam,  i»(e)  de- 
creases and  the  crystal  becomes  transparent. 
Transparency  may  increase  by  as  much  as  three 
to  five  times,  depending  upon  the  pulse  intensity. 
After  the  pulse,  recombinations  reduce  the  car- 
rier density  and  eventually  restore  or(r)  to  its 
original  value.  For  (Pb,.1Snf)Se  and  (Pb,_,  SnJTo 
crystals,  the  intense  excitation  pulses  can  have 
v near  the  visible  end  of  the  spectrum.  If  Ec 
-flu),,  these  pulses  produce  picosecond  trans- 
ients in  a(e)  due  to  the  fast  recombinations. 
Therefore,  if  a light  signal  whose  frequency  is 
near  the  absorption  edge  (hv~Ec,  which  is  far 
infrared)  is  sent  through  the  sample  as  it  is  being 
pulsed  by  short-wavelength  radiation,  the  trans- 
mitted infrared  signal  will  be  modulated  in  pico- 
second range.  Nurmikko  and  Pratt  appear  to  have 
observed  these  transients. 

In  summary,  we  have  shown  that  in  narrow-gap 
semiconductors  the  plasmon-assisted  recombina- 
tion is  extremely  rapid  if  the  band  gap  and  the 
plasma  frequency  are  close.  We  have  calculated 
the  recombination  rate  and  suggested  experiments 
in  which  this  type  of  recombination  can  be  investi- 
gated. We  have  discussed  its  behavior  in  a constant 
electric  field.  We  have  also  discussed  a particular 
case  in  which  the  rapidity  of  the  recombination 
might  be  usefully  applied  to  devices. 


FIG.  9.  Schematic  of  a photoconductivity  experiment. 
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APPENDIX 

In  this  Appendix,  the  integral  involved  in  Kq.  0 7) 
is  evaluated  in  the  long-wave  length  approximation 
at  zero  temperature.  The  purpose  of  the  Appendix 
is  essentially  to  illustrate  the  approximations  in- 
volved in  arriving  at  Eq.  (19). 

As  plasmons  decay,  electronic  transitions  occur 
across  the  Fermi  surface;  therefore,  for  r/-0, 
the  energy  denominators  in  Eq.  (16)  become 
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//a>,-Ac(lt  <q)4/i/(lc)  ~li  -c,  - Ec  (fc  + q'T*  Ec~fc  > q'  -q)  ~ (huip)2  ^ )-VrA,.(lt)| 


~ — ,v  q ' q'  (j-  - -^X  . (All 

loi.)-  'A  dk  ) m.,»); 


fhus  Eq.  (17)  for  q 0 becomes 


■M0)~  1 J ''  K P ^ | (y'PW  ,5(t~/E*;,)6(£;^+5',"/^^)~#u'»)-  (A2) 

Because  of  the  6 function  and  (18),  in  the  limit  of  zero  temperature 

/ j(l  ~f\, v)6(Mi<  + q ' ) - /-c (£ ) -i> <*>» ) g t + ~ BrE^frrgfr 

* p “ — — ^EcftV»a>-epl  ) 6( £c  (it  + q')  - Ec  (ft ) -ft u>, ) 

(6(Ec(G + 5') if  Ee(fc)  «£,«£,(£)+£„  (A3) 

r~°  ( 0 otherwise. 

Thus,  when  conduction  electrons  are  degenerate,  Eq.  (17)  can  be  written 

— r . „t  J.,q  c»o.,(t;;)-t,(g>->..,) , (*4I 

6iV.mnH.ui,  -\.(S)*ii,' ec(K)*»u),  J (9  +«  ) 

where  we  have  dropped  the  prime  on  q.  When  Ec  (It)  in  (4a)  is  substituted  into  (A4),  the  q integral  becomes 

r*\  u- 

2»  ill/ir  I l/(  COS8)  r— ; 

•’o  (<r  •■K2)- 

'*([(  '-[(s')  *S^] 

.(^f-)i«w».»^-*j  ■ ,A5> 

where 

(,>,(*•)  = * *•  + {*2  * (2 »»i «uyH£c)[*u>,-Ee  + 2Ec(*)l},/a  . (A6) 

The  remaining  integral  in  (A5)  is  elementary 


r*™  , 91  i r o2.  _sa_  jdifiiv 

• O (»>  t^***’)2  2 L*24Qi  "k^Q2  lnU24<?2J  j • 


To  do  the  it  integration,  we  note  that  the  integrand  does  not  depend  on  the  direction  of  It.  Integration  of  the 
angular  variables  of  it  gives  4u.  To  evaluate  the  remaining  integral,  it  is  more  convenient  to  change  the 
integration  variable  from  k to 

E £.(*)*  <-|  (\hcf  4«2V/ic/2m|(|  ],/2  . (AH) 

In  terms  of  E,  Eq.  (A6)  becomes 

«,»,(£)  = (2ml„/ft2Ec),''2{((E+«a)>)<f  +Aui,-Ec)I,/2*(A(£-£c)I,/2K  (A9) 

Therefore  Eq.  (A4)  becomes 

‘Mi " (&&)]• 


(A10) 
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Note  that  t is  confined  to  a thin  shell  at  the  Fermi 
surface:  Er -hjip  « E ■ EF . E is  therefore  large 
relative  to  Ec  or  TTius,  to  a good  approxima- 

tion, (A9)  can  be  written 

(2mH,  /h2EcY'H2E  +hut-Ec)  , (All) 


Q.^(2niM/h2EGY/l(li^, ) . (A12) 

The  logarithmic  terms  in  (A10)  can  then  be  inte- 
grated by  parts,  and  the  other  integrals  are  ele- 
mentary. Integrating  over  E and  substituting  the 
value  of  mHI  /Ec  and  x from  (6)  and  (15),  respect- 
ively, we  obtain  the  expression  given  by  (19). 
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support  from  the  U.  S.  Air  Force  Office  of  Scientific 
Research,  Air  Force  Systems  Command  under  Con- 
l rael /(Irani  No.  A FOSR-7 1-2010  (to  MIT)  and  from 
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PICOSECOND  OPTICAL  ABSORPTION  AT  1.06  ym  AND  1.55  um 
IN  THIN  GERMANIUM  SAMPLES  AT  HIGH  OPTICALLY-CREATED  CARRIER  DENSITIES 


Arthur  L.  Smirl,  J.  Ryan  Lindle,  and  Steven  C.  Moss 
Department  of  Physics 
North  Texas  State  University 
Denton,  Texas  76203 


Recently,  the  enhanced  transmission  of  single,  ultrashort  optical  pulses 
at  1.06  um  through  germanium  as  a function  of  incident  pulse  energy  has  been 
measured  [1],  In  addition,  the  temporal  evolution  of  this  enhanced  transmis- 
sion has  been  determined  on  a picosecond  time  scale  using  the  excite  and  probe 
technique  [1,2].  The  latter  measurements  reveal  that  the  probe  transmission 
increases  for  50-100  psec  following  excitation  with  an  intense  optical  pulse. 
ELCI  et  al.  [3]  have  attributed  this  rise  in  the  probe  transmission  to  a cool- 
ing o7~tfie  hot  electron-hole  plasma  created  by  the  excitation  pulse.  In  sharp 
contrast  to  this  interpretation,  AUSTON  et  al_.  [4]  have  stated  that  they  ex- 
pect the  energy  relaxation  time  to  be  too  short  to  account  for  the  rise  in  the 
probe  transmission.  AUSTON  et  a1_.  also  suggest  that  enhanced  free-hole  [5] 
and  Coulomb-assisted  indirect  absorption  [6]  effects  can  be  significant  at  the 
high  optically-created  carrier  densities  encountered  in  the  excitation-probe 
measurements  at  1.06  yin.  Indeed,  they  suggest  that  these  processes  could  in- 
troduce a minimum  in  the  absorption  versus  carrier  density  relationship.  AUS- 
"ON  and  MCAFEE  [7]  have  proposed  an  alternative  explanation  for  the  temporal 
evolution  of  the  probe  transmission  by  combining  the  details  of  the  way  the 
absorption  saturates  as  a function  of  carrier  density  with  a monotonic  de- 
crease in  carrier  density  with  time  due  to  Auger  recombination  [8].  The  rise 
in  probe  transmission  with  time  can  then  be  explained  in  the  following  manner. 
We  denote  the  density  at  which  the  minimum  absorption  occurs  as  nmin-  The 
absorption  of  the  excitation  pulse  creates  an  Initial  carrier  density  greater 
than  n^,,.  As  the  carrier  density  is  decreased  by  Auger  recombination,  the 
absorption  coefficient  will  decrease  in  time  until  the  carrier  density  reaches 
nmini  then  increase.  Thus,  the  probe  transmission  will  increase  then  decrease 
if  the  initial,  optically-created  carrier  density  is  greater  than  n^n*  We 
stress  that  the  success  of  the  second  model  as  It  now  stands  depends  on  the 
absorption  decreasing  then  Increasing  with  carrier  density:  there  must  be  a£ 
absorption  minimum. 

Here,  we  report  measurements  of  the  combined  free-carrler,  Intervalence 
band  free-hole,  and  indirect  absorbance  In  thin  germanium  samples  at  a wave- 
length of  1.55  um  during  excite  and  probe  experiments  at  a wavelength  of  1.06 
um.  Our  interests  in  these  measurements  are  twofold.  First,  we  want  to  as- 
certain whether  or  not  free-carrier,  free-hole,  and  indirect  absorption  ef- 
fects are  important  in  excite-probe  experiments  at  1.06  um.  Second,  if  these 
effects  are  important,  can  they,  together  with  Auger  effects,  account  for  the 
rise  in  probe  transmission. 

The  experimental  configuration  is  depicted  in  Fig.l.  This  arrangement  is 
similar  to  the  arrangement  utilized  by  AUSTON  et  ah  [8].  In  this  application 
of  the  excite  and  probe  technique,  a high  density  plasma  is  created  by  direct 
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absorption  of  an  intense  excitation  pulse,  and  the  evolution  of  the  plasma  is 
monitored  by  a second  probe  pulse.  The  excitation  pulses  were  selected  by  a 
laser-triggered  spark  gap  and  a Pockel's  cell  from  trains  of  pulses  produced 
by  a mode-locked  Nd:glass  laser.  The  pulses  were  5 to  10  psec  in  duration  and 
had  peak  powers  of  approximately  108  watts  at  a wavelength  of  1.06  urn,  and  they 
produced  a measured  irradiance  of  approximately  4*  10-3  j/cm?  when  focused  on 
the  crystal  surface.  The  plasma  produced  by  the  absorption  of  the  excitation 
pulse  was  probed  using  weak  pulses  of  two  types:  one  had  an  energy  greater 
than  the  direct  energy  band  gap  for  germanium  and  the  other  had  an  energy  less 
than  the  direct  gap  but  greater  than  the  indirect  gap.  The  former  was  derived 
from  the  excitation  pulse  using  a beam  splitter  as  shown  in  Fig.l.  The  latter. 
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Fig.l  Block  diagram  of  the  experimen- 
tal configuration  for  excite  and  probe 
measurements  at  1.06  urn  and  1.55  urn, 
where  MLL  denotes  the  mode-locked 
laser,  EOS  the  electro-optic  switch, 

A the  laser  amplifier,  SRS  the  Stim- 
ulated-Raman-Scattering  cell,  M a 
mirror,  D a detector,  Ll  and  L2  lens, 
and  S the  sample 


having  a wavelength  of  1.55  um,  was  produced  by  stimulated  Raman  scattering 
in  benzene.  We  emphasize  that  the  energy  of  a quanta  at  1.06  urn  (1.17  ev)  is 
sufficient  to  excite  direct  band-to-band  transitions  in  germanium  as  well  as 
free-carrier,  free-hole,  and  indirect  transitions;  whereas,  the  energy  of  a 
quanta  at  1.55  urn  (0.80  ev)  falls  below  the  direct  band  gap  but  above  the  in- 
direct gap  and  is,  thus,  only  a measure  of  the  combined  free-carrier,  free- 
hole,  and  indirect  processes.  The  incident  excitation  pulse  irradiance  was 
measured,  and  the  overlap  of  excitation  and  probe  pulses  was  ensured,  employing 
techniques  described  In  [8]. 

The  germanium  sample  was  a high  purity  (pmln = 40 n cm)  single  crystal  cut 
with  the  (111)  plane  as  face.  The  sample  was  polished  and  etched  with  Syton 
to  a thickness  of  6 urn  as  determined  by  interferometric  techniques. 

The  results  of  the  measurement  of  the  change  in  absorbance  of  the  thin  ger- 
manium crystal  as  a function  of  increasing  carrier  number  (incident  excitation 
pulse  energy  at  1.06  urn)  are  shown  in  Fig. 2 for  photon  energies  of  1.17  and 


F i g . 2 Change  in  absorbance,  -in(T/T0), 
of  the  germanium  sample  at  1.06  urn  and 
1.55  urn  as  a function  of  incident  exci- 
tation pulse  energy  at  1.06  urn,  where 
T0  is  the  linear  transmission  of  the 
sample  at  the  wavelength  under  consid- 
eration 
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0.8  ev.  The  data  were  obtained  in  the  following  manner.  The  crystal  was  il- 
luminated by  variable  energy  optical  pulses  of  wavelength  1.06  um,  and  the 
transmission  of  each  pulse  was  measured.  Each  pulse  at  1.06  um  was  followed 
immediately  (at  a fixed  delay  of  15  psec)  by  pulses  that  monitored  the  absor- 
bance of  the  crystal  at  wavelengths  of  1.55  um  and  1.06  um.  The  optical  ab- 
sorbance at  1.17  ev  is  seen  to  decrease  by  approximately  2.3  as  the  carrier 
number  increases.  This  corresponds  to  a transmission  increase  of  an  order  of 
magnitude.  By  contrast,  the  absorbance  at  0.8  ev  increases  roughly  by  1.0, 
corresponding  to  a decrease  in  transmission  of  a factor  of  2.7.  Each  data 
point  shown  is  the  average  of  at  least  ten  separate  observations.  The  data 
were  very  reproducible  within  the  error  bars. 

A striking  feature  of  the  data  presented  in  Fig. 2 is  that  the  absorbance 
of  the  crystal  at  1.06  um  does  not  decrease  then  increase  as  required  by  the 
model  suggested  by  AUSTON  and  MCAFEE  t?].  In  fact,  as  can  be  seen  from  Fig. 2, 
any  decrease  in  carrier  density  with  time  caused  by  carrier  recombination  will 
be  accompanied  by  an  increase  in  the  total  absorbance  at  1.06  um.  Thus,  a 
temporal  decay  of  carrier  density  alone  can  not  be  combined  with  the  absorp- 
tion versus  density  relationship  to  account  for  the  rise  in  probe  transmission 
at  1.06  um.  In  addition,  the  change  in  absorbance  at  0.8  ev,  which  is  sensi- 
tive to  free-carrier,  free-hole,  and  indirect  absorption  effects,  is  smaller 
in  magnitude  and  opposite  in  sign  to  that  measured  at  1.17  ev,  which  is  sensi- 
tive to  direct  absorption  effects  as  well.  Although  care  must  be  taken  when 
extrapolating  absorbance  measurements  at  0.8  ev  to  1.17  ev,  we  believe  that 
the  sign  and  magnitude  of  this  absorbance  change  at  0.8  ev  and  the  observed 
monotonic  decrease  in  overall  absorbance  at  1 .17  ev  suggests  that  the  satur- 
ation of  the  absorbance  at  1.17  ev  is  dominated  by  changes  in  the  direct  ab- 
sorption coefficient. 


The  results  of  excite-probe  experiments  that  measure  the  temporal  evolution 
of  these  changes  in  absorbance  are  presented  in  Fig. 3.  In  this  experiment  the 
sample  was  irradiated  by  an  optical  pulse  at  1.06  um  containing  roughly  lO1^ 
quanta  and  was  probed  at  various  delays  by  weak  pulses  having  wavelengths  of 
1.55  um  and  1.06  um.  The  transmission  of  the  probe  pulse  at  1.06  um  initially 
increases  as  the  delay  between  the  two  pulses  Increases,  reaching  a peak  va' 
at  a delay  of  approximately  50  psec.  Meanwhile,  the  absorbance  of  the  sample 
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Fig. 3 Probe  pulse  absorption  versus 
delay  between  the  excitation  pulse  at 
1.06  um  and  1.55  um.  The  probe  data 
at  1.06  um  is  plotted  as  the  normal- 
ized ratio  of  probe  pulse  transmission 
to  excitation  pulse  transmission, 
Tp/Tg,  and  the  data  at  1.55  um  as  the 
change  in  absorbance,  -tn(Tp/T0), 
where  T0  is  the  linear  transmission  of 
the  probe  pulse  at  this  wavelength 


at  1.55  um  decreases  by  roughly  1.0  corresponding  to  a transmission  increase 
of  approximately  2.7.  Different  units  were  chosen  for  the  ordinates  o T the 
1.06  um  and  1.55  um  curves  to  facilitate  presentation  of  both  curves  in  the 
same  figure.  The  probe  measurements  at  1.06  um  are  identical  to  those  per- 
formed by  SMIRL  et  aK  [1].  Also,  the  results  of  the  probe  measurements  at 
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1.55  Mm  are  similar  to  those  obtained  by  AUSTON  et  aK  [8].  However,  these 
authors  stated  that  they  performed  their  measurements  at  excitation  intensi- 
ties such  that  the  absorption  of  the  excitation  pulse  was  linear.  Our  exper- 
iments are  clearly  performed  in  the  nonlinear  region.  In  addition,  the  meas- 
urements of  AUSTON  «rt  al_.  were  performed  on  a 300  urn-thick  sample;  our  sample 
was  6 um-thick.  Thus,  our  experimental  configuration  is  almost  identical  to 
that  employed  in  our  original  excite  and  probe  experiments  at  1.06  urn. 

The  measurements  presented  in  Fig. 3 indicate  that  free-carrier,  free-hole, 
and  indirect  absorption  can  be  significant  at  the  carrier  densities  encoun- 
tered during  the  excite  and  probe  experiments  at  1.06  um  presented  here.  Note 
that  the  increase  with  time  of  the  probe  transmission  at  0.8  ev  caused  by  the 
decrease  in  free-carrier,  free-hole,  and  indirect  absorbance  is  of  the  proper 
magnitude  (if  extrapolated  unchanged  to  1.17  ev)  to  account  for  a major  por- 
tion of  the  probe  rise  at  1.17  ev.  AUSTON  et^al.  [8]  attribute  this  decrease 
of  the  probe  pulse  absorbance  at  1.55  um  witF  Belay  to  a decrease  in  free- 
carrier  absorption  caused  by  a temporal  decay  in  carrier  density  due  to  Auger 
recombination.  The  present  experiments  only  allow  the  measurement  of  the 
change  in  the  combined  free-carrier,  free-hole,  and  indirect  absorbance,  and 
they  do  not  provide  for  a convenient  separation  of  their  individual  contribu- 
tions. In  addition,  we  feel  that  the  decrease  in  absorbance  at  1.55  um  with 
delay  could  be  accounted  for  by  a number  of  mechanisms.  One  of  these  possible 
mechanisms  is^  carrier  reduction  by  Auger  recombination.  Another  possibility, 
however,  is  that  the  decrease  in  absorbance  at  1.55  um  is  caused  by  a cooling 
of  a hot  carrier  distribution  created  by  the  excitation  pulse  at  1.06  um. 

This  decrease  in  absorbance  could  be  attributed  to  a decrease  in  free-carrier 
absorption  and  a decrease  In  the  available  states  for  indirect  absorption  as 
the  large,  hot  carrier  distribution  cools. 

In  summary,  the  measurement  of  the  transmission  of  thin  germanium  samples 
at  1.55  um  and  1.06  um  as  a function  of  optically-created  carrier  densities 
indicates,  over  the  range  of  densities  encountered  in  these  experiments,  that 
the  absorption  versus  density  relationship  at  1.17  ev  does  not  exhibit  a mini- 
mum and  suggests  that  the  combined  free-carrier,  free-hole,  and  indirect  ab- 
sorbance changes  are  opposite  in  sign  and  smaller  in  magnitude  than  the  changes 
caused  by  saturation  of  the  direct  absorption.  Second,  the  excite  and  probe 
measurements  at  these  two  wavelengths  indicate  that  free-carrier,  free-hole, 
and  indirect  absorption  processes  could  be  significant  in  Interpreting  excite 
and  probe  measurements  at  1.06  um. 

The  authors  wish  to  acknowledge  their  debt  to  Dave  Auston  and  Sigrid  McAfee 
of  Bell  Laboratories  for  suggesting  and  sharing  the  model  presented  In  this 
paper  and  for  their  helpful  discussions. 

This  work  was  supported  by  the  Office  of  Naval  Research  and  the  North  Texas 
State  University  Faculty  Research  Fund. 

'a.L.  Smirl,  J.C.  Matter,  A.  Elci,  and  M.0.  Scully,  Op.  Commun.  1_6 , 118  (1976). 
ZC.V.  Shank  and  D.H.  Auston,  Phys.  Rev.  Lett.  34,  479  (1975). 

■jA.  Elci,  M.0.  Scully,  A.L.  Smirl,  and  J.C.  Matter,  Phys.  Rev.  B16,  191  (1977). 
4D.H.  Auston,  S.  McAfee,  C.V.  Shank,  E.P.  Ippen,  and  0.  Teschke.^ol id  State 
Electron.  21_,  147  (1978). 

5r.  Newman  and  W.W.  Tyler,  Phys.  Rev.  105,  885  (1957). 

8C.  Haas,  Phys.  Rev.  125,  1965  (1972). 

^S.  McAfee  and  D.H.  Auston,  private  communication,  July  28,  1977. 

8D.H.  Auston,  C.V.  Shank,  and  P.  LeFur,  Phys.  Rev.  Lett.  35,  1022  (1975). 


J 


I 

I 


APPENDIX  D 

PICOSECOND  OPTICAL  MEASUREMENT  OF 

FREE-CARRIER,  INTERVALENCE -BAND , AND  INDIRECT  ABSORPTION  IN  GERMANIUM 
AT  HIGH  OPTICALLY-CREATED  CARRIER  DENSITIES 


Picosecond  optical  measurement  of  f ree-carrier , intervalence-band 


I 

I 

i 

I 

I 

I 

I 

I 


I 


and  indirect  absorption  in  germanium  at  high 
optically-created  carrier  densities 


Arthur  L.  Smirl,  J.  Ryan  Lindle,  and  Steven  C.  Moss 

Department  of  Physics 
North  Texas  State  University 
Denton,  Texas  76203 


I 


r 


61 


ABSTRACT 


I 

I 

I 

I 

I 

I 


It  has  been  suggested  that  enhanced  intervalence-band  and  Coulomb- 
assisted  indirect  absorption  effects  may  be  significant  at  the  high 
optically-created  carrier  densities  encountered  in  the  recent  excite 
and  probe  experiments  performed  in  germanium  using  intense  picosecond 
optical  pulses  with  a wavelength  of  1.06  ym  and  that  these  processes 
may  result  in  an  absorption  versus  carrier  density  curve  containing  a 
minimum.  Such  a curve  could  then  be  combined  with  a recombination 
process  to  explain  the  results  of  the  excite  and  probe  experiments. 
Here,  we  report  measurement  of  the  combined  free-carrier , intervalence- 
band,  and  indirect  absorbance  in  thin  germanium  samples  during  these 
excite  and  probe  experiments  by  exciting  at  1.06  ym  and  by  probing 
both  at  1.06  ym  and  with  a Raman-generated  probe  at  1.55  ym.  The 
measurements  suggest  that  these  processes  are  significant  at  the  high 
optically-created  carrier  densities  encountered  in  the  present  excite 
and  probe  experiments;  however,  they  do  not  introduce  a minimum  in  the 
absorption  versus  carrier  density  curve  as  originally  suggested. 


I . INTRODUCTION 


Recently,  studies  of  the  optical  properties  of  high-density  electron- 

hole  plasmas  generated  in  undoped  germanium  by  intense,  ultrashort  pulses 

have  provided  direct  information  concerning  ultrafast  electronic  pro- 
1-12 

cesses.  Among  these  studies  are  the  measurement  of  the  enhanced 

transmission  of  single  ultrashort  optical  pulses  through  germanium,'*"'  5 
and  the  measurement  of  the  temporal  evolution  of  this  enhanced  trans- 
mission on  a picosecond  time  scale  using  the  excite  and  probe  technique.3'5 
In  the  first  of  these  experiments,  the  nonlinear  transmission  of  a single 
picosecond  1.06  ym  pulse  was  investigated  as  a function  of  incident 
optical  pulse  energy  for  sample  temperatures  of  100  K and  297  K.  The 
resulting  data,  reproduced  from  Smirl  et  al.,5  are  shown  in  Fig.  1 along 
with  theoretical  curves  to  be  discussed  later.  In  the  second  study,  the 
sample  was  first  irradiated  by  an  excitation  pulse  of  sufficient  energy 
to  cause  the  transmission  of  the  germanium  to  be  enhanced.  This  initial 
pulse  was  then  followed  at  various  time  delays  by  a weak  probe  pulse,  of 
the  same  wavelength,  that  measured  the  temporal  evolution  of  the  germanium 
sample.  Probe  pulse  transmission  data  for  various  delay  times  and  for 
sample  temperatures  of  100  K and  297  K are  presented  in  Fig.  2,  again 
taken  from  Smirl  et  el . 5 The  latter  measurements  reveal  that  the  probe 
transmission  increases  for  approximately  100  psec  following  excitation 
for  a sample  temperature  of  100  K;  however,  the  rise  in  probe  transmission 
is  less  than  40  psec  at  297  K.  Originally,  Shank  and  Auston3  attributed 
this  rise  in  the  probe  transmission  to  a saturation  of  the  absorption 
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caused  by  a filling  of  the  optically-coupled  conduction-band  states  and  a 

depletion  of  the  valence-band  states  by  direct  band-to-band  transitions 

induced  by  the  excitation  pulse.  Thus,  the  optically-created  carrier 

density,  and  consequently  the  increase  in  probe  transmission,  follows 

the  integrated  optical  pulse  energy.  This  interpretation  was  based  on 

observations  performed  only  at  room  temperature.  As  we  shall  later 

demonstrate,  the  rise  in  probe  transmission  at  room  temperature  is 

indeed  indistinguishable  from  other  integration  effects,  in  agreement 

with  this  interpretation.  However,  such  a model  cannot  account  for  the 

7 

slower  rise  observed  at  100  K.  Elci  et  al. , in  a recently  proposed 

model,  have  attributed  this  rise  in  the  probe  transmission  to  a cooling 

of  a hot  electron-hole  plasma  created  by  the  excitation  pulse.  In 

12 

sharp  contrast  to  this  interpretation,  Auston  et  al.  have  stated  that 

they  expect  the  energy  relaxation  time  to  be  too  short  to  account  for 

13 

the  rise  in  probe  transmission.  Indeed,  Auston  and  McAfee  have  sug- 
gested a plausible  alternative  explanation  for  the  temporal  evolution  of 
the  probe  transmission  in  terms  of  enhanced  Coulomb-assisted  indirect 
absorption,  intervalence-band  absorption,  and  Auger  recombination.  This 
explanation  does  not  require  hot  electron  effects. 

Here,  we  report  measurements  of  the  combined  free-carrier , 
intervalence-band,  and  indirect  absorbance  in  thin  germanium  samples  at  a 
wavelength  of  1.55  pm  during  excite  and  probe  experiments  at  a wavelength 
of  1.06  pm.  Our  interests  in  these  measurements  are  twofold.  First,  we 
want  to  ascertain  whether  or  not  free-carrier,  intervalence-band,  and 
indirect  absorption  effects  are  important  in  excite-probe  experiments  at 


1.06  urn.  Second,  if  these  effects  are  important,  can  they,  together  with 
Auger  effects,  account  for  the  rise  in  probe  transmission. 


[ 
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In  the  next  section,  we  briefly  review  the  model  presented  by  Elci 

e_t  ad.  1 and  emphasize  the  processes,  or  omission  of  processes,  that  are 

relevant  to  the  present  measurements.  In  addition,  in  Sec.  Ill,  we 

13 

briefly  describe  a model  suggested  by  Auston  and  McAfee  that  accounts 
for  the  rise  in  probe  transmission  without  employing  hot  electron 
effects.  These  reviews  are  then  followed  in  Sec.  IV  by  a description 
of  the  experimental  apparatus  and  techniques  for  measuring  the  combined 
contributions  of  free-carrier , intervalence-band,  and  indirect  absorption 
processes  to  the  excite  and  probe  response  of  germanium.  Section  V 
presents  a discussion  of  our  results,  and  the  fina.1  section.  Sec.  VI, 
our  conclusions. 

II.  COMMENTS  ON  THE  HOT  ELECTRON  MODEL 

Briefly,  according  to  the  model  proposed  by  Elci  et  al,,  the 
transmission  of  a single  optical  pulse  through  a thin  (5 . 2-ym-thick) 
germanium  sample  as  a function  of  incident  pulse  energy  (Fig.  1)  and 
the  transmission  of  a weak  probe  pulse  as  a function  of  time  delay  after 
an  energetic  pulse  (Fig.  2)  can  be  accounted  for  in  terms  of  direct 
band-to-band  absorption,  free-carrier  absorption,  phonon-assisted 
intervalley  scattering,  phonon-assisted  carrier  relaxation,  carrier- 
carrier  collisions  and  nonradiative  recombination  in  the  following  manner. 
When  an  excitation  pulse  is  incident  on  the  germanium  sample,  the  unre- 
flected portion  of  the  pulse  enters  the  sample  where  most  of  it  is 
absorbed  by  direct  transitions,  creating  a large  density  of  electrons 

(holes)  in  the  central  valley  of  the  conduction  (valence)  band.  The 

-14 

electrons  are  rapidly  (<10  sec)  scattered  to  the  conduction  band 


side  valleys  by  long  wave  vector  phonons.  Carrier-carrier  scattering 
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events,  which  occur  at  a rate  comparable  to  the  direct  absorption  rate, 
ensure  that  the  carrier  distributions  are  Fermi-like  and  that  both 
electron  and  hole  distributions  have  the  same  temperature,  which  can  be 
different  from  the  lattice  temperature.  Since  the  photon  energy 
is  greater  than  either  the  direct  energy  gap  or  the  indirect  band 
gap  E , such  a direct  absorption  event  followed  by  phonon-assisted 
scattering  of  an  electron  to  the  side  valleys  results  in  the  photon 
giving  an  excess  energy  of  - E^  to  thermal  agitation.  This  excess 
energy  results  in  an  initial  distribution  temperature  (approximately 
1500  K for  a lattice  temperature  of  300  K)  due  to  direct  absorption  that 
is  greater  than  the  lattice  temperature.  Thus,  the  single  pulse  trans- 
mission would  begin  at  its  Beer's  law  value  and  increase  as  a function  of 
incident  optical  pulse  energy  because  of  the  partial  filling  (depletion) 
of  the  optically-coupled  states  in  the  conduction  (valence)  Land  as  a 
result  of  direct  absorption.  Other  processes  such  as  free-carrier 
absorption  and  nonradiative  recombination  events  (i.e..  Auger  and 
plasmon-assisted  recombination)  can  further  raise  the  carrier  temper- 
ature during  the  passage  of  the  station  pulse,  while  phonon-assisted 
intravalley  relaxation  processes  can  reduce  the  carrier  temperature. 

After  the  passage  of  the  excitation  pulse,  the  interaction  region 

19  20  -3 

of  the  sample  contains  a large  number  of  carriers  (10  -10  cm  ) with 

a high  distribution  temperature.  The  final  temperature  is  determined  by 
the  number  of  quanta  in  the  excitation  pulse  and  the  relative  strengths 
of  the  nonradiative  recombination  and  the  phonon-assisted  relaxation 
rates  as  discussed  by  Latham  crt  al.^°  As  time  progresses,  the  distribu- 
tion will  continue  to  cool  by  phonon-assisted  intravalley  relaxation. 
Experimentally,  the  probe  pulse  interrogates  the  evolution  of  the 


67 


distribution  after  the  passage  of  the  excitation  pulse  and  is  a sensitive 
measure  of  whether  the  optically-coupled  states  are  available  for 
absorption  or  are  occupied.  Immediately  after  the  passage  of  the  exci- 
tation pulse,  the  probe  transmission  is  small  since  the  electrons  (holes) 
are  located  high  (low)  in  the  conduction  (valence)  bands  because  of 
the  high  distribution  temperature,  leaving  the  states  that  are  optically 
coupled  available  for  direct  absorption.  Later,  as  the  distribution 
temperature  cools  and  carriers  fill  the  states  needed  for  absorption, 
the  transmission  increases.  The  subsequent  slow  fall  in  probe  trans- 
mission at  longer  delays,  as  seen  in  Fig.  2,  is  attributed  to  carrier 
recombination,  which  reduces  i_ne  carrier  density  and  once  again  frees 
the  optically-coupled  states  for  absorption,  and  to  diffusion.3,11 

The  theoretical  fits  from  Elci  et_  al.7  to  the  single  pulse  trans- 
mission data  and  probe  pulse  data  are  shown  as  dashed  lines  in  Fig.  1 
and  Fig.  2.  Given  the  complexity  of  the  problem,  the  overall  fit  can 
be  regarded  as  satisfactory.  Nonlinear  transmission  measurements  in 
which  the  energy  band  gap  of  the  germanium  sample  was  tuned  by  hydro- 

g 

static  pressure  have  been  accounted  for  by  this  model  as  well. 

Despite  the  apparent  successes  of  this  model,  some  basic  questions 
remain  concerning  the  roles  of  the  various  physical  processes  in  deter- 
mining the  saturation  and  temporal  evolution  of  the  optical  transmission 
of  thin  germanium  samples  under  intense  optical  excitations.  F.lci  et  al_. 
noted  that  their  calculations  included  only  a limited  number  of  the 
possible  electronic  interactions  and  contained  serious  assumptions  that 
warranted  further  theoretical  and  experimental  investigation.  The  major 
assumptions  were  the  following:  (1)  The  carrier-carrier  collision  rate 
was  assumed  to  be  high  enough  to  justify  taking  the  carrier  distributions 
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to  be  Fermi-Dirac.  Ferry  has  recently  reexamined  this  approximation 
by  calculating  the  time  and  energy  dependence  of  the  distribution  function 
at  the  high  carrier  photogeneration  rates  encountered  here.  He  concludes 
that  on  a time  scale  of  tens  of  picoseconds  the  distribution  function 
does  indeed  approximate  a Fermi  distribution;  however,  on  shorter  time 
scales  it  contains  a 6-function-like  spike  located  at  the  optically- 
coupled  states.  Thus,  for  purposes  of  calculating  the  probe  pulse 
transmission,  one  may  reasonably  asstime  the  distribution  is  Fermi-like. 

(2)  Carrier  Fermi  energies  and  temperatures  were  taken  to  depend  only 
on  time,  rather  than  on  both  space  and  time,  thus  ignoring  the  pulse  propa- 
gation and  carrier  diffusion  problems  within  the  optical  interaction 
region  of  the  sample.  Therefore,  parameters  describing  the  electron- 
hole  plasma,  such  as  the  electron  number,  must  be  viewed  as  spatial 
averages  throughout  the  sample  volume.  Elci  et  al.11  have  recently 
extended  their  previous  model,  through  a simple  calculation,  to 
indicate  the  possible  effects  of  carrier  diffusion  on  these  optical 
measurements. 

Elci  et  al^. ^ noted  at  the  outset  that  their  work  contained  only  a 

4 12-14 

few  of  the  many  possible  electronic  interactions.  Recent  studies  ' 

indicate  that  processes  other  than  those  named  above  may  be  important. 

14 

Most  of  those  effects,  such  as  band-gap  narrowing,  intervalence-band 
13  4 

absorption,  Auger  recombination  and  Coulomb-assisted  indirect  absorp- 
12 

tion,  are  only  observed  at  large  carrier  densities.  The  possible 
importance  of  including  these  processes  in  any  interpretation  of  the 
rise  in  probe  transmission  is  demonstrated  in  the  following  sections. 

One  of  the  main  objectives  of  the  present  study  is  to  investigate  the 
effects  of  the  combined  intervalence-band,  Coulomb-assisted  indirect. 
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and  free-carrier  absorption  and  Auger  recombination  on  the  excite  and 
probe  measurements  at  1.06  urn. 

In  the  previous  two  paragraphs,  we  have  outlined  the  assumptions 
and  omissions  of  the  initial  hot  electron  model;  however,  there  is 
another  problem  associated  with  the  original  calculations  that  is  of 
importance  to  the  present  work.  The  physical  constants  for  germanium. 


specifically  the  electron -phonon  coupling  constants,  are  not  well  enough 

known  to  allow  a precise  calculation  of  the  energy  relaxation  rate. 

Latham  et  aK have  previously  discussed  this  point  in  detail.  For 

the  theoretical  fits  shown  in  Fig.  2,  the  electron-phonon  coupling 

constants  are  chosen  as  6 x 10  erg-cm  ^ for  a lattice  temperature  of 
-4  -1 

297  K and  2 x 10  erg-cm  at  100  K.  These  values  are  within  the  range 
of  the  accepted  theoretically  and  experimentally  determined  values  listed 
by  Latham  et  al_.  ;10  however,  they  are  much  lower  than  the  mean  value  of 
1 x 10  3 erg-cm  1 as  obtained  from  an  average  of  the  eight  values  listed. 
Since  the  carrier  cooling  rate  is  proportional  to  the  square  of  the 
electron-phonon  coupling  constant,  the  fitted  values  result  in  carrier 
cooling  rates  that  are  3 and  25  times  slower  than  that  obtained  by 
using  the  average  value.  In  fact,  a repetition  of  the  original  calcu- 
lations substituting  the  average  electron-phonon  coupling  constant 
shows  (see  Latham  et  al..  Fig.  8)  that  carrier  cooling  is  too  rapid  to 


account  for  the  rise  in  probe  transmission,  in  complete  agreement  with 

12  15 

the  claims  by  Auston  et  al.  However,  van  Driel  has  recently  calcu- 


lated the  influence  of  hot  phonons  on  the  carrier  energy  relaxation  rate 
in  these  problems.  These  calculations  suggest  that  the  long  equilibration 
time  for  the  hot  carriers  is  due  to  a relaxation  bottleneck  produced  by  a 
buildup  of  the  optical  phonon  population  on  a picosecond  time  scale. 
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The  results  of  these  calculations,  taking  into  account  optical  phonon 
heating  and  employing  only  a single  average  temperature- independent 
electron-phonon  coupling  constant,  are  shown  as  solid  curves  in  Fig.  2. 
Notice  that  the  inclusion  of  hot  phonons  accounts  for  one  of  the  major 
discrepancies  between  the  original  theory  and  experiment.  Namely,  in 
contrast  to  the  original  theory  that  predicted  a delayed,  steep  rise, 
the  present  theory  shows  a steep  rise  with  gradual  leveling  off  in 
agreement  with  the  data.  The  solid  curves  in  Fig.  2 were  taken  directly 
from  van  Driel.15  The  agreement  between  the  modified  theory  and  exper- 
iment is  remarkable;  however,  this  agreement  should  be  regarded  as  some- 
what fortuitous  in  view  of  the  simplifications  of  the  model,  the  limited 
number  of  processes  included,  and  the  uncertainty  in  many  of  the  physical 
constants. 

For  emphasis,  we  now  summarize  the  principal  points  of  this  section: 
(1)  According  to  Elc:  et^  alU , the  rise  of  the  optical  transmission  of 
the  germanium  with  time  as  monitored  by  a weak  probe  pulse  is  attributed 
to  the  cooling  of  a hot  electron-hole  plasma,  created  by  the  absorption 
of  the  excitation  pulse.  (2)  In  view  of  the  above  discussions  and  in 
the  absence  of  any  direct  experimental  evidence,  the  authors  regard 
the  question  of  the  magnitude  of  the  energy  relaxation  rate  and  the 
question  of  the  origin  of  the  rise  of  the  probe  transmission  as  open. 

It  is  in  this  spirit  of  suggesting  plausible  alternative  models  for 
evaluation  that  McAfee  and  Auston^  first  suggested  the  possibility  of 
describing  the  rise  in  probe  transmission  in  terms  of  free-carrier , 
intervalence-band,  and  Coulomb-assisted  indirect  absorption  together 
with  Auger  recombination.  This  model  is  reviewed  in  the  next  section. 


I 


I 


III.  INDIRECT,  INTERVALENCE-BAND,  AND  FREE-CARRIER 
ABSORPTION  AND  AUGER  RECOMBINATION 
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In  direct  contrast  to  the  above  model,  Auston  and  McAfee  have 
recently  suggested  an  alternative  explanation  for  the  delayed  probe 
pulse  transmission  in  germanium  without  requiring  the  introduction  of 
hot  electron  effects.  In  fact,  their  suggested  explanation  is  based  on 


three  of  the  processes  neglected  by  the  original  calculations  of  Elci 


et  al.:  Auger  recombination.  Coulomb-assisted  indirect  absorption,  and 


intervalence-band  absorption.  Specifically,  this  model  is  based  on 

4 


experiments  by  Auston  et  al^. , on  300-um-thick  samples,  that  are  inter- 
preted as  demonstrating  that  Auger  recombination  effects  are  important 
on  picosecond  time  scales;  on  the  observation  of  enhanced  indirect 
Coulomb-assisted  absorption  in  heavily-doped  n-type  germanium  by  Haas; 
and  on  the  observation  of  strong  intervalence-band  absorption  between 


16 


the  light  and  heavy-hole  and  split-off  valence  bands  in  p-type  germanium 

17 


by  Newman  and  Tyler.  Since  the  present  work  is  an  attempt  to  experi- 
mentally investigate  the  role  of  these  processes  in  determining  the 
evolution  of  the  optical  properties  of  germanium  at  high  carrier  densities, 
we  shall  briefly  state  the  conclusions  of  these  two  works.  We  then 
review  the  manner  in  which  enhanced  indirect  absorption  and  intervalence- 
band  absorption  together  with  Auger  recombination  could  account  for  the 
probe  transmission  versus  time  delay  after  an  intense  excitation  pulse  in 


thin  germanium  samples. 
16 


Haas  reports  that  the  indirect  absorption  rises  more  rapidly 
with  photon  energy  in  n-type  germanium  than  in  pure  germanium.  The 
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effects  considered  as  sources  for  this  extra  absorption  are:  (1)  modifi- 
cation of  the  band  structure  by  impurities,  (2)  impurity-assisted 
indirect  transitions  and  (3)  Coulomb-assisted  indirect  transitions, 
where  the  virtual  scattering  of  the  electrons  from  the  central  to  the 
side  valley  is  by  electron-electron  scattering.  Haas  concludes  that  at 
high  concentrations  electron-electron  scattering  dominates  the  indirect 
transitions.  If  we  extrapolate  his  results,  they  suggest  that,  at  an 

optical  wavelength  of  1.06  pm  and  electron  densities  as  large  as 
20  -3 

2 x 10  cm  , the  indirect  absorption  coefficient  might  be  as  larqe  as 

, -1 
10  cm 

Newman  and  Tyler'*'7  report  measurement  of  the  free-hole  absorption 
in  p-type  germanium  as  a function  of  impurity  and  carrier  concentration. 
The  effects  to  be  considered  in  explaining  the  strong  observed  free- 
hole  absorption  at  high  carrier  concentrations  are:  (1)  modification  of 
the  band  structure  by  impurities,  (2)  band-to-band  transitions  between 
light  and  heavy-hole  valence  bands  and  the  split-off  valence  band  as 
the  position  of  the  Fermi  level  changes  within  the  valence  band  with 
doping,  and  (3)  indirect  transitions  induced  by  charged  impurity  centers. 
They  conclude  that  their  observations  suggest  that  both  intervalence  band 
transitions  and  impurity-assisted  indirect  transitions  contribute.  In 
experiments  employing  undoped  samples,  where  the  carriers  are  generated 
by  optical  absorption,  only  the  intervalence-band  process  will  be  sig- 
nificant. If  their  results  are  extrapolated  to  a photon  energy  of  1.17  ev 

20  -3 

and  a concentration  of  2 x 10  cm  , the  free-hole  absorption  coefficient 
could  again  be  as  large  as  10^  cm  ^ . 

The  suggestion  of  an  alternate  explanation  for  the  delayed  probe 
transmission  of  optically-excited  germanium  without  requiring  phonon- 
assisted  relaxation  of  hot  electrons  is  based  on  the  two  mechanisms 
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discussed  above.  In  particular,  it  is  based  on  the  details  of  the  way 
germanium  absorption  might  vary  with  increasing  optically-created 
carrier  density.  Consider  the  behavior  of  the  total  absorption  coeffi- 
cient as  the  carrier  density  increases  because  of  band-to-band  transi- 
tions during  the  passage  of  an  intense  excitation  pulse.  (The  carrier 
temperature  is  taken  to  be  that  of  the  lattice,  since  all  carrier 

energy  relaxation  processes  are  assumed  to  be  too  rapid  for  observation, 

7 

in  contrast  to  Elci  et  al^.  ) The  direct  absorption  coefficient  will 

decrease  with  increasing  density  as  optically-created  electrons  (holes) 

clog  the  states  needed  for  optxcal  absorption  in  the  conduction  (valence) 

band.  Meanwhile,  as  the  densicy  increases,  the  additional  mechanisms 

discussed  previously,  Coulomb-assisted  indirect  absorption,  intervalence- 

band  absorption  and  free-carrier  absorption,  increase.  Thus,  the 

absorption  coefficient  could  initially  decrease  with  increasing  density, 

as  the  direct  absorption  coefficient  saturates,  then  increase  with 

increasing  density,  as  the  free-carrier,  intervalence-band,  and  indirect 

absorption  coeffients  dominate.  In  short,  the  fact  that  the  direct 

absorption  coefficient  decreases  with  increasing  carrier  number  and 

that  the  enhanced  intervalence-band,  free-carrier,  and  Coulomb-assisted 

indirect  absorption  coefficients  increase  can  result  in  introducing  a 

minimum  in  the  absorption  versus  density  relationship  as  suggested  by 
12 

Auston  et  ad.  We  denote  the  density  at  which  the  minimum  absorption 
might  occur  as  n . . The  rise  in  the  probe  transmission  with  time  can 
now  be  .k  counted  for  by  combining  the  details  of  the  way  the  absorption 
saturates  with  carrier  density  together  with  a monotonic  decrease  in 
carrier  density  with  time  due  to  Auger  recombination  in  the  following 
manner.  The  absorption  of  the  excitation  pulse  creates  an  initial  carrier 
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density  greater  than  n ^ . As  the  carrier  density  is  decreased  by  Auger 

recombination,  the  absorption  coefficient  of  the  sample  will  decrease  in 

time  until  the  carrier  density  reaches  n , , then  increase.  Thus,  the 

min 

probe  transmission  will  increase  then  decrease  if  the  initial,  optically- 

created  carrier  density  is  greater  than  n . . We  shall  henceforth  refer 

mm 

to  the  model  described  in  this  section  as  the  recombination  model  because 
of  the  role  of  the  Auger  recombination. 

For  emphasis,  we  summarize  the  features  of  the  two  models  that  are 
essential  for  comparison  with  present  measurements.  We  note,  once  again, 
that  Elci  et^  al.  ^ attribute  the  rise  in  probe  transmission  with  delay 
after  an  excitation  pulse  to  phonon-assisted  cooling  of  a hot  carrier 
distribution  and  that  f ree-carrier , intervalence-band,  and  Coulomb-assisted 
indirect  transitions  were  either  omitted  from  the  model  or  judged  to  be 
insignificant.  Auger  recombination  processes  were  omitted  from  this 
model.  The  recombination  model  accounts  for  the  rise  in  probe  trans- 
mission by  combining  Auger  recombination  with  an  absorption  versus 
density  relationship  containing  a minimum.  We  stress  that  the  success 
of  the  second  model,  as  it  now  stands,  depends  on  the  absorption  decreasing 
then  increasing  with  carrier  density:  there  must  be  an  absorption 
minimum. 


IV . EXPERIMENT 

The  particular  experimental  configuration  used  to  measure  the 
onfr ibutions  of  intervalence-band,  free-carrier , and  indirect  absorption 
* ' ’.**  generation  and  evolution  of  dense,  optically-created  electron- 

ic mar  in  thin  germanium  samples  is  depicted  in  Fig.  3.  This 

4 

:.-m  ♦ t«  similar  to  the  arrangement  utilized  by  Auston  et  al. 
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In  this  application  of  the  excite  and  probe  technique,  a high  density 
plasma  is  created  by  direct  absorption  of  an  intense  excitation  pulse, 
and  the  evolution  of  the  plasma  is  monitored  by  a second  probe  pulse. 

The  excitation  pulses  were  selected  by  a laser-triggered  spark  gap  and 
a Pockel's  cell  from  trains  of  pulses  produced  by  a mode-locked  Nd:glass 
laser.  The  pulses  were  5 to  10  psec  in  duration  and  had  peak  powers  of 

Q 

approximately  10  watts  at  a wavelength  of  1.06  vim,  and  they  produced 

-2  2 

a measured  irradiance  of  approximately  1 x 10  J/cm  when  focused  on 
the  crystal  surface.  The  plasma  produced  by  the  absorption  of  the 
excitation  pulse  was  probed  uso.ng  weak  pulses  of  two  types:  one  had  an 
energy  greater  than  the  direc^  energy  band  gap  for  germanium,  and  the 
other  had  an  energy  less  than  the  direct  gap  but  greater  than  the 
indirect  gap.  The  former  was  derived  from  the  excitation  pulse  using 
a beam  splitter  as  shown  in  Fig,  3.  The  latter,  having  a wavelength 
of  1.55  urn,  was  produced  by  stimulated  Raman  scattering  in  benzene. 

The  desired  probe  wavelength  was  selected  by  employing  either  a thick 
wafer  of  silicon  to  reject  the  1.06  ym  radiation  or  narrow  band-pass 
optical  filters  to  reject  the  1.55  ym  radiation.  Other  wavelengths 
generated  by  the  stimulated  scattering  in  benzene,  such  as  1.18  ym, 
were  rejected  by  carefully  selected  interference  filters.  We  emphasize 
that  the  energy  of  a quanta  at  1.06  ym  (1.17  ev)  is  sufficient  to 
excite  direct  band-to-band  transitions  in  germanium  as  well  as  free- 
carrier,  intervalence-band,  and  indirect  transition;  whereas,  the  energy 
of  a quanta  at  1.55  ym  (0.80  ev)  falls  below  the  direct  band  gap  but 
above  the  indirect  gap  and  is,  thus,  only  a measure  of  the  combined 
free-carrier , intervalence-band,  and  indirect  processes.  The  incident 
excitation  pulse  irradiance  was  measured  and  the  overlap  of  excitation 
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and  probe  pulses  was  ensured  employing  techniques  described  in  Ref.  4. 

The  excitation  pulse  irradiance  was  determined  by  measuring  the  energy 
t.ansmitted  through  a pinhole  located  at  the  focus  of  the  excitation 
beam  and  coplanar  with  the  germanium  wafer  using  a calibrated  detector. 
The  probe  beam  was  more  tightly  focused  than  the  excitation  beam  to 
ensure  complete  spatial  overlap  with  the  excitation  beam.  The  size  of 
the  pinhole  was  such  that  it  transmitted  50%  of  the  excitation  pulse 
and  90%  of  the  probe.  Despite  these  precautions,  we  observed  indica- 
tions of  day-to-day  variations  in  excitation-beam  and  probe-beam  overlap. 
We  attribute  these  variations  to  "hot"  spots  in  the  focused  multimode 
laser  pulses. 

The  germanium  sample  was  a high  purity  (Pm^n  = 40  fl-cm)  single 
crystal  cut  with  the  (111)  plane  as  face.  The  sample  was  polished  and 
etched  with  Syton  to  a thickness  of  6 pm  as  determined  by  interferometric 
techniques . 

V.  RESULTS  AND  DISCUSSION 

Here,  we  present  and  discuss  une  result  of  three  separate  measure- 
ments. (1)  In  the  first  of  these,  the  sample  is  illuminated  by  an 
intense  excitation  pulse  at  a wavelength  of  1.06  pm.  The  transmission 
of  a weak  probe  pulse  at  1.06  pm  that  arrives  at  a variable,  delayed 
time  after  the  excitation  pulse  is  then  monitored.  We  perform  these 
measurements,  which  repeat  those  by  Smirl  et^  al. ,5  to  ensure  that  the 
rise  in  probe  transmission  can  be  separated  from  any  artifacts  of  the 
measurement  technique.  (2)  Next,  the  sample  is  irradiated  by  1.06  pm- 
excitation  pulses  of  various  intensity  that  create  electron-hole  plasmas 
of  varying  density  by  direct  bana-to-band  transitions.  The  change  in 
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absorbance  at  0.80  ev  and  1.17  ev,  as  a function  of  plasma  density,  is 
then  measured  by  monitoring  the  transmission  of  weak  probe  pulses  at 
1.55  urn  and  1.06  um  that  arrive  a short  fixed  delay  after  excitation. 

These  1 . 06-ym-probe  transmission  measurements  will  provide  the  absor- 
bance versus  density  curve  needed  for  investigation  of  the  recombination 
model  described  in  Section  III.  The  1 . 55-ym-probe  measurements  will 
give  a measure  of  the  importance  of  free-carrier , intervalence-band, 
and  indirect  absorbance  as  a function  of  carrier  density.  (3)  Finally, 
the  transmission  of  a weak  1.55-ym-  probe  pulse  is  measured  at  various 
delays  following  an  intense  1 . 06-ym-excitation  pulse.  The  1.55-ym- 
probe  pulse  monitors  the  temporal  evolution  of  the  change  in  the  combined 
free-carrier,  intervalence-band,  and  indirect  absorbance  following  the 
photogeneration  of  a dense  electron-hole  plasma. 

The  results  of  experiments  that  measure  the  temporal  evolution  of 
the  transmission  of  a thin  germanium  sample  at  a wavelength  of  1.06  urn 
following  the  creation  of  a dense  electron-hole  plasma  are  shown  in  Fig.  4. 
The  measurements  were  performed  in  the  following  manner  (see  insert, 

Fig.  4).  The  sample  was  irradiated  by  1 . 06-ym-excitation  pulses  con- 
taining approximately  2 * 10^5  quanta,  and  the  transmission  of  each  pulse 
was  measured.  Each  excitation  pulse  was  then  followed  at  various  delays 
by  a weak  probe  pulse  at  1.06  um.  These  measurements  were  performed  for 
sample  temperatures  of  100  K and  295  K.  The  data  are  plotted  as  the 
ratio  of  probe  pulse  transmission  Tp  to  excitation  pulse  transmission 
T^,  in  arbitrarv  units,  versus  time  delay  in  picoseconds.  The  arbitrary 
units  are  chosen  so  that  the  peak  of  the  probe  transmission  at  100  K 

is  unity.  The  actual  value  of  the  ratio  T /T  was  observed  to  be  as 

P E 

large  as  six;  however,  this  value  strongly  depends  on  the  quality  of 
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the  spatial  overlap  of  the  focused  excitation  and  probe  pulses  on  the 
sample  surface.  These  measurements  are  identical  to  those  performed 
by  Smirl  et  al . , as  presented  in  Fig.  2.  However,  when  comparing  the 
two  sets  of  data,  one  must  realize  that  the  sample  thicknesses  and 
focused  optical  spot  sizes  are  not  identical. 

The  measurements  of  Smirl  et  al.~>  are  repeated  so  that  we  can  more 
carefully  investigate  the  possibility  that  the  rise  in  probe  transmission 
follows  the  integrated  optical  energy.  Specifically,  we  want  to  be 
assured  that  the  rise  in  probe  transmission  is  a real  effect  and  that 
it  is  not  an  artifact  of  the  excite-probe  technique  that  can  be  attributed 
to  the  finite  width  of  the  optical  pulses.  For  comparison,  we  have  cal- 
culated the  probe  pulse  transmission  by  assuming  a Drude  model  for  the 
electron-hole  plasma,  calculating  the  optical  polarization,  and  substi- 
tuting into  the  wave  equation.  The  details  of  such  a procedure  are 

3 18 

published  elsewhere,  ' and  they  are  not  repeated  here.  The  calculated 
rise  in  the  probe  pulse  transmission,  neglecting  all  decay  processes,  is 
simply  proportional  to  the  integral  of  the  pulse  autocorrelation  func- 
tion. The  resulting  theoretical  integration  curve  assuming  Gaussian- 
shaped  optical  pulses  of  10  psec  width  (FWHM)  is  shown  as  a solid  line 
in  Fig.  5.  Experimental  data  from  Fig.  4 are  plotted  on  an  expanded  time 
scale  for  comparison.  The  authors  conclude  that  the  experimental  rise 
in  probe  transmission  at  295  K is  indistinguishable  from  integration 
effects,  in  agreement  with  the  original  interpretation  of  the  room 
temperature  data  by  Shank  and  Auston.3  However,  the  rise  at  100  K cannot 
be  attributed  to  such  effects  and  represents  a physical  effect.  It  is 

this  rise  in  probe  transmission  at  100  K that  is  the  object  of  our 

3 18 

investigation.  Finally,  we  note  that  coherent  coupling  effects  ' are 
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observed  in  these  experiments  as  well;  however,  the  delay  increments  of 
Fiq.  0 are  too  coarse  to  resolve  them. 

The  result;;  of  the  measurement  of  the  change  in  absorbance  of  the 
thin  germanium  crystal  as  a function  of  increasing  carrier  number 
(incident  excitation  pulse  energy  at  1.06  urn)  are  shown  in  Fig.  6 for 
photon  energies  of  1.17  and  0.8  ev.  These  data  were  obtained  in  the 
following  manner.  The  crystal  was  illuminated  by  variable  energy  pulses 
with  a wavelength  of  1.06  um,  and  the  transmission  of  each  pulse  was 
measured.  Each  pulse  at  1.06  pm  was  followed  immediately  (at  fixed 
delays  of  17  and  26  psec)  by  pulses  that  monitored  the  absorbance  of 
the  crystal  at  wavelengths  ox  ,..55  pm  and  1.06  pm.  The  optical  absor- 
bance at  1.17  ev  is  seen  to  decrease  by  approximately  3.5  as  the  carrier 
number  increases.  This  corresponds  to  a transmission  increase  by  a 
factor  of  30.  By  contrast,  the  absorbance  at  0.8  ev  increases  roughly 
by  2.3,  corresponding  to  a decrease  in  transmission  by  approximately 
an  order  of  magnitude.  Each  data  point  shown  is  the  average  of  at 
least  eight  separate  observations.  The  data  were  very  reproducible 
within  the  error  bars. 

A striking  feature  of  the  data  presented  in  Fig.  6 is  that  the 
absorbance  of  the  crystal  at  1.06  pm  does  not  decrease  then  increase 
as  required  by  the  recombination  model  of  Sec.  III.  In  fact,  as  can  be. 
seen  from  Fig.  6,  any  decrease  in  carrier  density  with  time  caused  by 
carrier  recombination  will  be  accompanied  by  an  increase  in  the  total 
absorbance  at  1.06  pm.  Thus,  a temporal  decay  of  carrier  density  alone 
cannot  be  combined  with  the  absorption  versus  density  relationship  to 
account  for  the  rise  in  probe  transmission  at  1.06  pm.  The  total  change 
in  absorbance  of  the  crystal  at  1.06  pm  as  the  carrier  density  is 
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increased  is  given  by 

l l 

-in(T/T0)  = / i«DA(x)dx  + / !4ofc(x)  + AaIB<x)  + Aa^txlldx  . (1) 

where  TQ  is  the  linear  transmission  of  the  sample;  Aa^Cx)  is  the  change 

in  the  direct  absorption  coefficient  caused  by  the  increased  carrier 

number  at  the  position  x into  the  crystal;  A a (x) , A a (x) , and  Aa_  (x) 

f C lo  ID 

are  the  changes  in  the  absorption  coefficient  caused  by  f ree-carrier , 
intervalence-band,  and  indirect  absorption,  respectively;  and  l is  the 
crystal  thickness.  The  electron  density  and,  consequently,  the  absorption 
coefficients  are  allowed  to  depend  upon  position.  The  last  term  on  the 
right  hand  of  Eq.  (1)  will  be  positive  since  free-carrier , intervalence- 
band,  and  Coulomb-assisted  indirect  absorption  coefficients  all  increase 
with  carrier  density,  and  the  first  will  be  negative  because  of  the 
partial  saturation  of  the  available  optically-coupled  electronic  states 
as  the  density  increases.  Since  the  overall  absorbance  at  1.17  ev  is 
observed  to  monotonically  decrease,  we  conclude  that  the  saturation  of 
the  absorption  is  dominated  by  changes  in  the  direct  absorption  coefficient. 
Although  the  free-carrier,  interva.*.ence-band , and  indirect  absorbance 
changes  are  smaller  in  magnitude  and  opposite  in  sign  to  those  caused  by 
saturation  of  the  direct  absorption,  it  is  possible  for  them  to  signif- 
icantly affect  the  overall  magnitude  of  the  total  absorbance  change. 
Inspection  of  Eq.  (1)  reveals  that  omission  of  these  processes  would 
result  in  a more  rapid  decrease  in  total  absorbance  with  increasing 
carrier  number  than  when  they  are  included. 

The  measurement  of  the  change  in  absorbance  at  0.8  ev  as  the 
carrier  number  is  increased  by  direct  absorption  of  excitation  pulses 
at  1.17  ev,  as  displayed  in  Fig.  6,  tends  to  substantiate  the  arguments 
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of  the  previous  paragraph.  That  is,  the  change  in  absorbance  at  0.8  ev, 
which  is  sensitive  to  f ree-carrier , intervalence-band,  and  indirect 
absorption  effects,  is  slightly  smaller  in  magnitude  and  opposite  in 
sign  to  that  measured  at  1.17  ev,  which  is  sensitive  to  direct  absorption 
effects  as  well.  Thus,  if  the  results  of  the  measurement  of  free-carr ier , 
intervalence-band,  and  indirect  absorbance  at  0.8  ev  could  be  extrapolated 
to  1.17  ev,  we  would  conclude  that  the  change  in  absorbance  due  to  these 
processes  is  smaller  in  magnitude  and  opposite  in  sign  to  that  caused 
by  the  saturation  of  direct  absorption  coefficient.  However,  we  would 
also  conclude  that  the  change  m the  combined  f ree-carrier , intervalence-band^ 
and  indirect  absorbance  is  of  sufficient  magnitude  to  substantially  slow 
the  saturation  of  the  total  absorbance  at  1.06  pm  with  increasing  carrier 
number.  However,  care  must  be  taken  when  extrapolating  absorbance  meas- 
urements at  0.8  ev  to  1.17  ev,  Free-carr ier  and  intervalence-band 
absorption  coefficients  are  expected  to  decrease  with  increasing  photon 
energy  for  a given  (large)  carrier  density17  while,  according  to  Ref.  16, 
the  Coulomb-assisted  indirect  absorption  coefficient  should  increase. 

The  experiments  shown  schematically  in  the  inset  of  Fig.  6 were 
repeated  for  a sample  temperature  of  295  K.  Similar  results  were 
obtained.  For  the  maximum  carrier  densities  achieved  at  room  temperature, 
the  decrease  in  absorbance  at  1.06  pm  was  2.2  and  the  increase  in  absor- 
bance at  1.55  pm  was  1.8. 

The  results  of  excite-probe  experiments  that  measure  the  temporal 
evolution  of  the  change  in  absorbance  at  1.55  pm  are  presented  in  Fig.  7. 

In  this  experiment,  the  sample  was  irradiated  by  an  optical  pulse  at 
1.06  pm  containing  roughly  2x  1015  quanta  and  was  probed  at  various 
delays  by  a weak  pulse  having  a wavelength  of  1.55  pm.  The  results  of 
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the  probe  measurements  at  1.55  urn  are  similar  to  those  obtained  by 
4 

Auston  et  al_.  However,  these  authors  stated  that  they  performed  their 
measurements  at  excitation  intensities  such  that  the  absorption  of  the 
excitation  pulse  was  linear.  Our  experiments  are  clearly  performed  in 

4 

the  nonlinear  region.  In  addition,  the  measurements  of  Auston  et  al. 

were  performed  on  a 300-ym-thick  sample,  our  sample  was  6-ym-thick. 

The  measurements  presented  in  Fig.  7 indicate  that  free-carrier , 

intervalence-band,  and  indirect  absorption  can  be  significant  at  the 

carrier  densities  encountered  during  the  excite  and  probe  experiments 

4 

at  1.06  ym  presented  here.  Auston  et  al.  attribute  this  decrease  of 
the  probe  pulse  absorbance  at  1.55  ym  with  delay  to  a decrease  in  free- 
carrier  absorption  caused  by  a temporal  decay  in  carrier  density  due 
to  Auger  recombination.  The  present  experiments  only  allow  the  measure- 
ment of  the  change  in  the  combined  free-carrier,  intervalence-band,  and 
indirect  absorbance,  and  they  do  not  provide  for  a convenient  separation 
of  their  individual  contributions.  These  measurements  were  performed 
for  a sample  temperature  of  295  K,  as  well.  The  results  are  similar  to 
those  of  Fig.  7.  It  is  important  to  note  that  we  observe  a strong 
temperature  dependence  in  the  rise  in  probe  transmission  at  1.06  urn 
(see  Fig.  4 or  Fig.  5);  however,  we  do  not  observe  a similar  strong 
temperature  dependence-  at  1.55  ym.  We  believe  this  is  a further  indi- 
cation that  indirect,  free-carricr , and  intervalence-band  processes 


do  not  dominate  the  rise  in  probe  transmission  at  1.06  ym. 


VI.  SUMMARY  AND  CONCLUSIONS 

The  measurements  by  Smirl  et  al_.  5 of  the  transmission  of  a 1.06-ym- 
probe  pulse  as  a function  of  time  delay  after  an  intense  1.06-ym-excitation 
pulse  have  been  carefully  repeated  for  sample  temperatures  of  100  K and 
295  K.  The  rises  in  probe  transmission  for  the  two  temperatures  have 
been  compared  to  a calculated  integration  curve,  assuming  an  optical 
pulsewidth  of  10  psec.  We  conclude  from  this  comparison  that  the  rise 
in  probe  transmission  at  295  K is  indistinguishable  from  the  integration 
curve,  but  that  the  rise  at  100  K is  much  slower  than  either  the  inte- 
gration curve  or  the  rise  at  295  K and  is  not  an  artifact  of  the  meas- 
urement technique. 

The  transmission  of  a thin  germanium  sample  at  1.55  ym  and  1.06  ym 
has  been  measured  as  a function  of  optically-created  carrier  densities. 

Over  the  range  of  densities  encountered  in  these  experiments,  the 
absorption  versus  density  relationship  at  1.17  ev  does  not  exhibit  a 
minimum.  Thus,  a temporal  decay  of  carrier  density  alone  cannot  be 
combined  with  this  absorption  versus  density  relationship  to  account  for 
the  rise  in  probe  transmission  at  1.06  ym  exactly  as  suggested  in  Sec.  III. 

In  addition,  these  measurements  indicate  that  the  combined  free-carrier , 
intervalence-band,  and  indirect  absorbance  changes  are  opposite  in  sign 
and  smaller  in  magnitude  than  the  changes  caused  by  saturation  of  the 
direct  absorption.  As  a result,  we  believe  that  the  decrease  in  absor- 
bance at  1.06  ym  with  increasing  carrier  number  is  dominated  by  a 
saturation  of  the  direct  absorption  coefficient;  however,  the  rate  of 
this  decrease  in  absorbance  is  slowed  by  the  contributions  of  these 
"other"  processes  that  are  opposite  in  sign. 
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In  addition,  the  absorbance  of  a 1 . 55-pm-probe  pulse  has  been  measured 
as  a function  of  time  delay  after  an  intense  1 . 06-pm-excitation  pulse.  The 
1 . 55-pm  - probe  absorbance  decays  by  approximately  0.8  in  the  first  100  psec 
following  excitation,  corresponding  to  a transmission  increase  of  a factor 
of  approximately  2.  This  represents  a significant  decay  in  the  combined 
free-carrier , intervalence-band,  and  indirect  absorbance  during  this 
period.  Contrary,  however,  to  measurements  of  the  probe  rise  at  1.06  um, 
the  decay  of  probe  absorbance  at  1.55  pm  exhibited  no  strong  dependence 
on  sample  temperature. 

As  a result  of  the  present  measurements,  the  authors  feel  that  free- 
carrier,  intervalence-band,  and  Coulomb-assisted  transitions  combined 
with  Auger  recombination  are  not  the  mechanisms  dominating  the  rise  in 
1 .06-pm-probe  transmission  at  100  K.  The  contributions  of  these  processes 
are  significant,  however,  and  they  must  be  accounted  for  by  any  successful 
model.  Unfortunately,  the  present  measurements  yield  no  direct  information 
concerning  carrier  distribution  temperatures  or  energy  relaxation  rates, 
and  the  question  of  attributing  the  rise  in  1 . 06-pm-probe  transmission  to 
a cooling  of  a hot  carrier  plasma  created  by  the  excitation  pulse  remains 
unresolved . 

Finally,  we  emphasize  that  we  are  aware  that  our  measurements  at 
1.55  pm  (0.8  i;v ) monitor  the  free-carrier,  free-hole,  and  indirect 
absorption  at  an  energy  different  from  that  of  the  experiments  we  are 
attempting  to  interpret  (rise  in  probe  transmission  at  1.17  ev) ; however, 
we  believe  these  experiments  give  the  best  available  indication  of  the 
possible  importance  of  these  processes  at  the  high  optically-created 
carrier  densities  encountered  in  excite  and  probe  studies  at  1.06  pm. 
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FIGURE  CAPTIONS 


Figure  1:  Transmission  of  a 5.2-ym-thick  germanium  sample  at  1.06  ym 

as  a function  of  incident  quanta  at  1.06  ym  for  sample  temperatures 
of  100  K and  297  K.  The  dashed  lines  are  theoretical  curves  from 
Elci  et  al.7  The  data  are  from  Smirl  et  al . 5 

Figure  2 : Probe  pulse  transmission  versus  delay  between  the  excitation 
pulse  at  1.06  ym  and  the  probe  pulse  at  1.06  ym  for  sample  temper- 
atures of  100  K and  297  K.  The  data  are  plotted  as  the  normalized 
ratio  of  probe  pulse  transmission  to  excitation  pulse  transmission 
Tp/TE  in  arbitrary  units.  The  dashed  lines  are  theoretical  curves 
from  Elci  et  al^7  The  solid  lines  are  theoretical  curves  from 
van  Driel.^  The  experimental  data  are  from  Smirl  et;  al. 5 

Figure  3:  Block  diagram  of  the  experimental  configuration  for  excite 
and  probe  measurements  at  1.06  ym  and  1.55  ym,  where  MLL  denotes 
the  mode-locked  laser,  EOS  the  electro-optic  switch,  A the  laser 
amplifier,  SRS  the  stimulated-Raman-scattering  cell,  M a mirror, 

D a detector,  LI  and  L2  lens,  and  S the  sample. 

Figure  4:  Probe  pulse  transmission  versus  delay  between  the  excitation 
pulse  at  1.06  ym  and  the  probe  pulse  at  1.06  ym  for  sample  temper- 
atures of  100  K and  295  K.  The  data  are  plotted  as  the  normalized 
ratio  of  probe  pulse  transmission  to  excitation  pulse  transmission 
Tp/Tfi  in  arbitrary  units.  The  error  bars  represent  one  statistical 
standard  deviation. 

Figure  5:  Normalized  probe  pulse  transmission  in  arbitrary  units  versus 
delay  between  the  excitation  pulr''  at  1.06  ym  and  the  probe  pulse 
at  1.06  ym  for  sample  temperat  res  of  100  K and  295  K.  The  solid 
line  represents  a theoretical  integration  curve  assuming  Gaussian- 
shaped  optical  pulses  of  10  psec  width  (FWHM) . 

Figure  6:  Change  in  absorbance,  -in (T/To) , of  the  germanium  sample  at 
1.06  ym  and  1.55  ym  as  a function  of  incident  excitation  pulse 
energy  at  1.06  ym,  where  Tg  is  the  linear  transmission  of  the 
sample  at  the  wavelength  under  consideration. 

Figure  7:  Change  in  probe  pulse  absorbance,  -in (T/T0)» versus  delay 
between  the  excitation  pulse  at  1.06  ym  and  the  probe  pulse  at 
1.55  ym,  where  TQ  is  the  linear  transmission  of  the  probe  pulse 
at  1.55  ym. 
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